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ABSTRACT 
Experimental data on radar response to soil moisture is analyzed with 
respect to the influence of soil texture. A truck-mounted scatterometer 
operating between 1 and 8 GHz, at incidence angles of 10° to 20° and at 
all linear polarizations observed test plots of sandy loam, silty clay 
loam and silty clay. Surface soil moisture conditions varied from the 
wilting point to field saturation. All test plots were non-vegetated 
and smooth with RMS surface variations ~ 1 em. 
For a single soil texture the linear correlation between observed 
radar backscatter coefficient (dB) and measured gravimetric or volumetric 
soil moisture in the upper 5 cm of soil is typically 0.7 to 0.9. HO\,/ever, 
the sensitivity of radar response to moisture was found to be dependent 
upon soil texture such that sensitivity is inversely proportional to clay 
content of the soil. Thus, radar moisture estimation algorithms using 
either gravimetric or volumetric measures of soil moisture are expected 
to exhibit poor performance for complex multi-texture terrain if soil 
texture ;~ unknO\vn. Empirical evaluation of an equally distributed 
three texture ground scene produced linear correlations of less than 
0.7 for the upper 1 cm of soil and correlation was found to degrade drama-
tically when considering larger depth intervals of soil (r:O.O for the 
0-15 cm soil layer). 
In sharp contrast, estimation algorithms incorporating some knowledge 
of the tension at which soil water is retained by the soil produced strong 
correlation with sensor response, typically r = 0.8, regardless of depth 
interval considered within the surface 15 cm. The tested tension depen-
dent soil moisture indicators include percent of field capacity, moisture 
normalized at soil tensions between 0.04 and 31 bars, \lolumetric moisture 
in excess of a transition moisture (as defined from dielectric investi-
gations) and estimated soil tension. Importantly, these algorithms were 
found to be relatively independent of soil texture. 
The soil moisture indicators \'/hich produce radar estimation algor-
ithms independent of soil texture are evaluated in tenns of value to 
the potential user community of remotely-sensed moisture data. Normalized 
moisture indices will be difficult to interpret. Moisture in excess of 
xvi i i 
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a transition moisture may prove to be of value if the transition moisture 
can be uniquely defined. Analysis of the radar data indicates that the 
transition moisture corresponds to an adsorbed wyter layer at least 4-6 
molecular layers thick surrounding soil particles. Soil tension is found 
to be the most metmingful moisture indicator since it defines many critical 
poi nts in the hydr<)dynami c behavi or and agronomi c importance of soil wa ter. 
The current use of soil tension is mainly limited by the difficulty 9f 
measuring this parameter over the \'dde range of values typically assumed 
under field conditions. The high correlation bet\veen radar response and 
soil tension, a parameter not readily available even as a point measure-
ment, should be carefully considered in any cost-benefit analysis of radar 
remote sensing of soil moisture. 
Key words: radar, scatterometer, soil moisture, soil texture, soil 
tension, remote sensing 
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1: 0 INTRODUCTION 
In recent years, much interest has been expressed in developing 
capability for the operational remote sensing of soil moisture. So;l 
moisture information is needed on a local, regional and global scale for 
input into models in the fields of hydrology, meteorology and agriculture. 
In situ, point measurements of soil moisture are economically impractical 
in accounting for the temporal and spatial variability of 50;1 moisture 
over large areas. Ren~te sensir.g research to date has investigated the 
correlation between soil moisture and surface albedo (Idso, et. al., 1975a), 
thermal inertia of terrain (Idso, et al., 1975b; Schmugge, et a1., 1978; 
Idso, et a1., 1976), radar backscatter coefficient (Cihlar and U1aby, 1975; 
Bat1;vala and U1aby, 1977) and the microwave emissivity of soils (U1aby, 
et al., 1974; Newton, 1977; Schmugge, 1978). 
Hydrologists require knowledge of soil moisture in the upper 10 cm 
for the partitioning of rainfall into runoff, deep percolation and ground 
storage for assessment of wate\'shed yield, reservoir management rlOdels 
and flood forecasting (Lawson, 1977; Sa10monson, et a1., 1975; Armstrong, 
1978). Regional meteorological models require soil moisture data for 
approximately the same surface layer to estimate moisture and heat fluxes 
into the atmosphere from land surfaces (Miller and Thompson, 1970). 
Agricultural interest in soil Inoisture ranges from that present in the surface 
layer which determines: tillage calendars, the germination and early growth 
of plants, the subsequent incidence of crop diseases, and hatching rates 
of ; nsect popul ations (Idso, et a1., 1975c; Hammond, 1975) to that present 
at depths of one or more meters in the soil which effects the growth of 
maturing crops and their yield (Erickson, 1977). At present, all remote 
sensing techniques are sensitive to the moisture present only in the surface 
layer, therefore moisture information at depths of one or more meters must 
be derived by modeling techniques (Baier and Robertson, 1966 and 1968; 
Hildreth, 1978; Reed, 1977, Cihlar and U1aby, 1977; Rango, 1978). 
Events of the past decade have emphasized the fact that we live on 
a planet of finite resources and capability to efficiently regenerate 
renewable resources. The politics of food have important potential 
implications due to trends in world population and the vagaries of world 
____ ~ __ -----~---~---.--·--Ir .......... -
climate and food production CSchneider, 1976; CIA~ 1976; Bryson, 1977; Smith, 
1976). Rational resource planning and development requires inventories 
and periodic monitoring of pertinent resource parameters such as soil 
moisture. 
Micrmvave sensors offer one of the most promising techniques for the 
remote sensing of Goil moisture because of their all weather, day or 
. night capabilities combined with an ability to penetrate a vegetation canopy 
with minimal attenuation of the emitted or backscattered signal. The great 
potential of microwave remote sensing systems is due to the large difference 
in the dielectric properties of water and those of dry soils at microwave 
frequencies. 
Recent research efforts have focussed primarilY upon the selection of 
sensor parameters: frequency, incidence angle and polarization in a 
configuration that will minimize the impact of target parameters other 
than soil moisture. Pertinent target parameters include: vegetation type, 
density and moisture; surface aspect or slope; surface roughness; and soil 
type. Numerous experimental investigations using spaceborne, airborne 
and truck-mounted passive and active microwave sensors have demonstrated 
the feasibility of sensing surface soil moisture at microwave frequencies 
(Cihlar and Ulaby, 1975, Batlivala and Ulaby, 1977; Newton, 1977; Eagleman, 
1~75; and others) and will not be discussed herein. Site specific experi-
ments have verified the following as regards radar response to soil moisture 
(Batlivala and Ulaby, 1977; Ulaby, et a1., 1977; Ulaby, et al., 1978; Ulaby 
at al., 1979; Bush and Ulab.v, 1977): 
a) the radar backscattering coefficient is sensitive to soil moisture 
content at all microwave frequencies, 
b) signal attenuation by crop canopies is minimized at frequencies 
below 8 GHz, 
c) effects of surface roughness typical of dryland farming practices 
are mini~ized by the selection of a 4.5 GHz like polarized system operating 
between 7° - 17° incidence angle, 
d) sensi tivi ty of radar response to surface slope is reduced at 
frequencies greater than 3 GHz, and 
e) radar sensitivity to soil moisture is dependent upon some aspect 
of soi 1 type. 
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Soils are derived from a host of parent materials and subsequently 
modified by the interaction of complex geographic distributions of climatic 
regimes and associated plant communities. Soil associations vary regionally 
as a function of the above parameters, and soil texture as defined by the 
particle size distribution of soil solids is observed to va"'y considerably 
over tens of meters. Thus, assuming that other target "noise" such as 
water bodies and man-made structures can be filtered from the radar data 
and that vegetation and roughness effects are minimized by optimizing 
sensor selection, effective soil moisture estimation algorithms must account 
for the observed dependence of radar response to soil type. 
1.1 Statement of Problem and Purpose 
The complex dielectric constant and thus passive and active sensors 
operating at microwave frequencies have all been observed to exhibit some 
dependence upon soil texture in their response to soil moisture. Since 
most pr-ior experimentation was site specific and examined only one. soil 
texture, the influence of soil texture upon the sensor response to soil 
moisture was found to be significant only through comparison of results from 
several experiments. 
The purpose of this study;s to: a) experimentally verify prior 
observations that 1-8 6Hz radar response to son moisture is infl uenced by 
soil texture, b) investigate the behavior of soil water as a function of 
soil texture and the electromagnetic characteristics of the soil solution 
at microwave frequencies, c) examine available quantifiers of soil moisture 
such as gravimetric and volumetric moisture, percent of field capacity and 
soil tension with respect to radar response and soil texture, and d) evaluate 
those moisture indicators found to produce texturally independent soil 
moisture algorithms in terms of their value to a user community of soil 
moisture information. 
In order to accomplish the above objectives, the 1977 Bare Soil Experi-
ment (Dobson~ 1979) was conducted using the University of Kansas truck-
mounted Microwave Active Spectrometer 1-8 GUz system to observe carefully 
selected and prepared bare soil fields of sandy loam, silty clay loam and 
silty clay at incidence angles between 10° and 20° relative to nadir. 
3 
l 
, I 
j 
, i 
, \ 
. I 
I j 
1< 
Radar back~cattering measurements were made at each field for surface 
soil moisture conditions ranging from the wilting point of plants to 
saturation and partial flooding of the test fields. In conjunction with 
the radar measurements, many target parameters were monitored during the 
course of the experiment including: gravimetric moisture profile, soil 
bul k density, soil texture, organi c matter content" surface slope, surface 
roughness, soil water desorption characteristics and precipitation. 
1'he radar data acqui red from th'i 5 experiment was used to develop 
algorithms using various soil moisture indicators for each soil texture 
independently and for all soil textur'es considered simultaneously. These 
algorithnls were then compared to evaluate their respective independence to 
soi 1 texture. 
1. 2 Chapter Outl i tie 
This study ;5 divided into five chapters. Chapter 2 treats soil 
textur.al effects upon soil water retention and upon the electromagnetic 
behavior of soil water at microwave frequencies. Soil water retention is 
examined with respect to soil composition, structure and mineralogy which 
collectively determine the pore size distribution, the specific surface 
area and the affinity of the soil solution to the soil solid surfaces. 
The behavio~composition and structure of the soil solution is examined 
as a function of distance from soil particle surfaces. Dielectric measure-
ments of moist soils at microwave frequencies are reviewed and linked to 
results of soil moisture experiments utilizing radiometers and radar for 
observation of a variety of soil textures. Soil moisture quantifiers are 
reviewed with respect to their dependence on soil texture. 
Cha~ter 3 describes, in brief, the 1977 Bare Soil Experiment. Target 
characteristics and the homogeneity of each test field are summarized. The 
angular and frequency response of the radar with respect to 9ravimetric 
. 
soil moisture is examined and found to be consistent with results derived 
from other experiments with the MAS 1-8 GHz system (Batlivala and Ulaby, 
1977) • 
The results of the 1977 Bare Soil Experiment are analyzed in Chapter 
4 to evaluate the textural independence of the follo\'1'ing soil moisture 
indicators with respect to radar backscatter: gravimetric moisture, 
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volumetric moisture, nonnalized moisture (such as percent~f field capacity), 
volumetric moisture above some transition moisture and soil tension. 
Chapter 5 presents an evaluation of those soil moisture indicators 
found ta show minimal dependence upon soil texture in the preceding 
analysis which can be readily interpreted by the potential user community 
of ag~onomists, hydrologists and meteorologists. Specific recoMmendations 
are made for future experiments in light of these findings. 
2.0 BASIC CONSIDERATIONS OF SOIL WATER AND THE ELECTRICAL BEHAVIOR 
OF SOIL ~IATER.. 
As a prelude to an understanding of the interaction of an impressed 
microwave field on the soil-water system, it is necessary to address the 
physics of the soil and its components. Soil consists of unconsolidated 
mineral material derived as the weathering product of parent rock either 
in situ or as a sediment of some transporting agent (water, wind or ice). 
Soil can be considered as a three component system: soil solids, soil 
water and air; the interaction of these components imparts characteristic 
structure, soil water and density relationships within a given soil. 
In the surf~ce horizon of agricultural soils, soil solids consist 
of organic and inorganic mineral fractions. The organic fraction is 
concentrated near the surface and consists of live plant material, such 
as roots, decaying organic debris and carbonaceous decay resistant humus. 
The organic fraction is usually less than 10% of the dry soil by weight 
(and typically less than 5%); it is extremely active in terms of soil 
chemistry and soil moisture dynamics, especially the colloidal humus. 
Soil organic matter is a prime d2terminant of surface soil structure, 
the water-holding capacity of soils and the soil's cation exchange 
capacity, The inorganic fraction consists of the weathered mineral 
grains of the parent rock. The grains can be described in terms of 
their mineralogy and particle size distribution. 
2.1 Soil Moisture Concepts 
Soil chemistry and water-capacity are governed primarily by the 
interaction of soil structure and soil composition. Soil structure 
establishes the volume and size distribution of pore spaces which can 
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be occupied by soil water. Soil composition, defined herein as the 
soil particle size distribution and particle mineralogy, determines the 
net effective soil surface area to which water molecules may adhere 
and the el~:tro-chemical properties of the particle surfaces. 
~1 Soil particle size 
The arrangement of solid particle~ determines the structure, r~rosity 
and bulk density of the soil. Soil solids range in size from colloids 
on the order of 50 AO in diameter to gravel. Soil particle sizes are 
classified into categories of soil textural separates. Many classification 
schemes are available (Figure 2.1), but use of the 1951 United States 
Department of Agriculture (USDA) size categories will be adhered to in 
the present discussion. Soil particlus are classified into textural 
separates by mechanically passing the inorganic fraction (either \'1et 
or dry) through sieves and subsequent sedimentation of the fine material. 
Sieving and sedimentation techniques both assume spherical soil particles; 
however; soil particles are not generally spherical and this assumption 
is particularly weak for the clay size fraction. In mechanical sieving, 
the mesh size of the screen refers to the equivalent diameter of a sphere 
that will pass through that screen. Textural separates smaller than 
sand Must be isolated using sedimentation techniques based upon Stoke's 
law which predicts the settling velocity of spherical particles for a 
given set of environmental conditions. 
where: v ; the steady falling velocity of a particle 
g ; acceleratio~ due to gravity 
r = particle radius 
Ps = particle denisty 
Pw = liquid density 
z ; viscosity of liquid 
(2.1 ) 
50;1 particles are classified as having diameters equivalent to 
those of spheres of t,he same denisty and settling velocity. The sedimentation 
technique commonly employs either a hydrometer to monitor the density of 
the soil suspension as a function of time or pipetting of the suspension 
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DA-CE 
USBR 
FAA 
AASHO 
,ASTM 
USDA 
1SSS 
Fines (silt or clay) Fine sand Coarse sand 
Clay Silt Fine sand Coarse sand 
1) 
Colloids Clay Silt Fine sand Coarse sand 
. Very Very 
Clay Silt fine Fine ~hdiun ~oarse .::oars~ 
sand sand sand sanp sand 
Clay Silt Fine sand Coarse sand 
0.001 0.002 0.005 0.01 O.OZ 0.05. 0.10 0.20 0.50 1.0 2.0 
Particle Size (mm) 
DA-CE = Department of Army, Corps of Engineers 
USBR = U. S. Bureau of Recllama tion 
FAA = Federal Aviation Authority 
AASHO = .rullerican Association of State High\4ay Officials 
ASThI =: American Society of Testing and J.Iaterials 
USDA =: U.S. Department of Agriculture 
1888 = International Society of Soil Science 
Note (1) = Reported with clay 
Figure 2.1 Classification of soil separates ~2.0 flIIl on the basis of particle size (from 
Baver, Gardner and Gardner" 1972). 
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to gravimetrically determine the mass of soil solids remalmng in 
suspension as a function of time. It should be remembered that all 
deternlination~ of soil textural separates are biased by the relative 
validity of assumed SphN'ical particles. The sphericity of a particle 
is governed by its mineralogy and weathering history and will be more 
fully discussed in the following section. 
Since all sOils contain a distribution of particle sizes, it is 
convenient to classify a soil by the weight percent of the soil with-
in specific size categories (sand, silt, clay). For a soil having the 
particle size distribution shown in Figure 2.2, the soil textural separates 
of sand, silt and clay represent the integrals of the distribution 
between the limits shown ratioed to the integral of the entire distribution. 
The percent by weight of each size interval then determines the soil 
textural class using the USDA triaxial classification based on sand, silt 
and clay fractions shown in Figure 2.3. 
2.1.2 Soil Particle Surface Area 
The net soil surface area available to interaction with the soil 
solution consists of the sum of component particle external surface 
areas and clay particle internal (interlayer) areas as limited by soil 
particle contacts. 
5 = r.A + r.A. 
e 1 
(2.2) 
wher€'~ s = the specific surface of a soil in m2/g 
Ae ~ external surface area of a soil particle in m2/g 
Ai = internal surface area of a soil particle in m2/g 
The external surface area of soil particles is a function of particle 
size and shape. Figure 2.4 shows the relationship between particle size, 
the number of particles per gram and external surface area assuming 
spherical partides. It is apparent that .002mm diameter (211) clay has 
approximately 50 times the external surface area of an equal weight of 
.1 mm diameter fine sand. Table 2.1 assumes closest hexagonal packing of 
spherical particles to compare external surface area on a volume basis. 
It is obvious that, for a given soil, Ae is dominated by the percent clay 
fraction. 
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Figure 2.2. Particle size distribution in three soils varying widely in their textures. Note 
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spherical particles of density 2.65 g/cm (modified from Birkeland, 1974). 
TABLE 2.1 
The relation of particle size to external surface (from Baver, Gardner and Gardner, 1972). 
Number of part~ele. 
Volume per particle 11 Total surface 
D lamQ tel' p£ IIphen Textural nlllllU (11/6) Dl in '6 cc n02 x number of particlcs 
1 Cia Gravel (rr/6) (1)3 1 3.14 c1II
2 (0.49 111.2) 
0,1 cm Coarse lIund (11/6) (0.1)3 1 x 103 31.42 1:1112 (4.87 1n.
2) 
(~. I11III) 
0.05 CIII K!ldlulII lIand (11/6) (0.OS)3 8 x 10
3 62.83 cIII2 (9.74 1n.2) 
(500 ll) 
a.p,\, COl Very fino sand (n/6) (0.01)3 1 x 10
6 314.16 cm2 (~8. 61 In.2) 
(100 11) 
0.005 c:m Conrse silt (11/6) {0.00S)3 8 x 106 628.32. cm
2 (97.34 1n.2) 
(50 Il) 
0.002 em Silt (11/6) (0.002)3 125 )I 10
6 1,510.8 cm2 (1.69 ft2) 
(20 Il) 
0.0005 em Fine silt (11/6) (0.0005)3 8 x 109 6,283.2 em2: (6.76 ftZ) 
(5 III 
0.0002 em Clay (11/6) (o.aoo:!») 125 x 109 15,108 cm2 (16.9 fCZ) 
(2 11) 
0.0001 CIll C1/1y (rr/6) (0. 0001) 3 1 x 1012 .31,416 em
2 (33.8 ft2) 
(1 ,,) 
0.00005 cm Clay (;r/6) (0.00005)3 8 :It 10
12 62,832 cm2 (67.6 ftZ) 
(SOO m\!) 
0.00002 elll ColloidQl Clay (11/6) (0.00002)3 125 x 1012 157,080 em
2 (169 etl ) 
(200 mil) 
0.00001 em Colloidal Clay (n/6) (0.00001)3 1 x 1015 314,160 cm
2 (338 ftl) 
(100 mil) 
0.000005 cm Colloidal Clay (11/6) (0.000005)3 8 x 10
15 628,320 cm2 (676 etl ) 
(SO Ill\.!) 
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Many soil characte,-istics are surface phenomena: particle attraction, 
water, gas and nutrient adsorption among others. Figure 2.5 emphasizes 
the significance of the high specific surface area of clay sized 
parti cl es. 
The rate of increase in specific surface area with decreasing particle 
diameter is amplified by considerations of particle shape. The spherical 
particles assumed above have the smallest possible area to volume ratio; 
as particles become less spherical, the area to volume ratio increases. 
Soil particles are rarely spherical and, in general, become more plate-
like as effective diameter decreases. The loss of sphericity with 
decreasing particle size is the result of mineralogic control as 
influenced by weathering processes. Sand and most silt sized particles 
are composed of primary weathering minerals, usually quartz, feldspars 
and ferro-magnesium minerals which may have been mechanically reduced 
in size~ these particles are subangular to rounded in shape depending, 
in part, upon abrasion. Silt size particles are diverse, irregularly 
shaped fragments which are rarely smooth or flat; similar to sand, 
quartz is the dominant mineral. Clay sized particles include primarily 
clay minerals mixed with relatively coarse grained amorphous crystalline 
minerals (Table 2.2). The clay minerals are comp"ex layer-lattice 
alumino-silicate sheet structures which have a charac.teristic plate-like 
shape and are often colloidal. Soil clay platelets may be only 50 AO 
in dial11eter and 10 AO thick where 111 = 104 AO (Taylor and Ashcroft, 
1972) . 
Table 2.3 demonstrates the effect of particle shape on external 
surface area. The introduction of plate-like particle shape produces 
a dramatic increase in external surface area when compared to a 
reference sphere. A disk .2~ thick has a surface area 257 times greater 
than the 2~ reference sphere where 2~ is the maximum equivalent diameter 
of clay size particles. 
Internal surface area, Ai' is primarily a phenomenon of the clay 
minerals. The clay minerals can have very high internal surface areas 
in the interlayers of the particle crystal lattice. It;s necessary' to 
introduce some basic concepts of clay 'l1ineral structure in order to 
understand the nature of clay internal surface area. 
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Figure 2.5. Soil physical properties as a function of particle size (from Brady. 1974). 
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TABLE 2.2 
Principal Secondary Minerals of the Clay Size Fraction (from Townsend. 1973). 
silica SiO~. nH20 
oxides hydrated iron oxidos Fe(OH) •• nHnO 
alumina Ai203. nH20 
silicates allophone AlaO,. 2S102 • nH20 
hisongerite Fc~O,. 2SiO:. nH20 
Amorphous 
phosphates evanslte AI3PO.I(OH)G.nH20 
azovskite Fe3P04(OH) •• nH20 
calcite CaCO:. 
carbonates magnesite MgC03 . dolomite CaC03. MgC03 
siderite Fe C03 
goethite «FeO. OH 
oxides lepidocrocite "FeO. OH 
maghemite "Fea03 
Crystalline gibbsite Ala03 
silicates 
complox alumino-silicates, grouped 
according' to their structural 
characteristics. 
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TABLE 2.3 
Surface Area in Relation to Shape of Particle (from Baver, Gardner and Gardner, 1972). 
Increase 
Jti1<ltU3 V1I1\l~e Surface in surfnce 
SlMi"" (cm) (~m3) (clll) (percent) 
-
Sphere 1 x 10-4 4.2 x 10-12 1.26 x 10-7 
D!sk 
h .. 1 It 10-4 em 1.155 x 10-4 4.2 It 10-12 1.56 x 10-7 2).8 
h .. 5 x 10-5 CUI 1.67 x 10-4 4.2 It 10-12 1.84 x 10.7 45.lI. 
b .. 2 x .10-5 CID 2.58 It 10-4 4.2 It 10-12 4.51 x 10-7 257.8 
b .. 1 It 10.5 CID 3.65 It 10-4 4.2 It 10-12 8.59 x 10-7 5:lB.9 
lG 
2.1.3 Some Proper,ties of Clax Minerals 
Since quartz particles are very inactive chemically, the sand and 
silt sized soil fractions contribute little to soil chemistry. On the 
other hand, the clay minerals are quite surface active due to their 
aluminosilicate sheet structure and d~ninate the chemical behavior of 
the soil inorganic fraction. 
Based Upon mineral structure, three main types of aluminosilicate 
layer clays can be identified: montmorillonite, illite and kaolinite. 
Table 2.4 lists other principa1;·lystalline silicate clay minerals as 
well. The distinguishing features between various clays are the 
numbers and kinds of layers in a crystal unit layer and the isomorphous 
SUbstitutions of ions within these structures. 
The basic molecular components of clay aluminosilicates are the 
silica tetrahedron and the alumina octahedron, a silicon atom surrounded 
by four oxygen atoms and an aluminum atom surrounded by six hydroxyls or 
oxygen atoms respectively. Each basic building block or crystal unit cell 
is arranged in planar sheet structures bound by common oxygen atoms. The 
tetrahedral and octahedral sheets are variously arranged and stacked, and 
are bound by common oxygen atoms to produce the crystal unit layers dis-
tinctive of each a1uminosilicate layer clay. Thus, crystal unit layers 
of the 1:1 family consists of one silica tetrahedral sheet bound to one 
a 1 umi na octahedral sheet and the 2: 1 fami ly has an a 1 umi na octahedral 1 ay~\r 
in between two silica tetrahedral layers. The crystal unit layers are then 
stacked with various bonding energies in either single mineral form or 
as mixed layer clays to form the clay particles of an equivalent diameter 
as identified by mechanical size fractionation. 
The a1uminosi1icate layer clays are further classified by the 
isomorphous substitution of ions within the lattice of a given crystal 
unit cell and the bonding characteristics between unit layers. The 
idealized clay structures presented above are electrostatically neutral, 
this rarely occurs 'in nature. The idealized crystal unit 1ayers'i are 
disrupted by the isomorphous SUbstitution of other cations of similar 
size and lower valence in the crystal lattice which causes the crystal 
to become negatively charged. Table 2.5 gives the ionic radii of eJements 
commonly substituted and adsorbed to silicate clays. These negative 
charges are commonly ·balanced by the presence of ail additional cation 
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TABLE 2.4 
Principal Crystalline Silicate Clay Minerals (from Townsend, 1913). 
Chain structures palygorskite 
kaolinite 
1 : 1 family nacrite 
dickite 
halloysito 
-
Layer structures 2: 1 family montmorillonite beidellite 
vermiculite 
mica 
illite 
nontronite 
-. 
lS 
TABLE 2-5 
Ionic Radii of Elements Common in 
Silicate Clays and an Indication of 
Which are Found in the Tetrahedral 
and Octahedral Layers (from Brady, 
1974) • 
Note that alulllinum can fit in either layer. 
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adsorbed to the surface of the crystal layer in the vicinity of the 
crystal lattice substitution. The adsorbed cations are termed ex-
changeable cations since they can be replaced at the surface of the 
clay layers by other cations and water molecules. The extent and 
nature of isomorphous sUbstitution determines the net surface charge 
of the layer silicate clays. 
Kaolinite is the most prominent member of the 1:1 lattice clays. 
The alumina octahedral and Silica tetrahedral layers are tightly held 
together by hydrogen bonding of pairs of adjacent oxygen and hydroxyl 
groups. The hydrogen bonding gives the crystal structure great strength 
and permits little substitution 'iIi thin the lattice; therefore cations 
and via ter are not absorbed betv;een crys ta 1 units and no S\~e 11 i n9 of thi 5 
clay ordinarily occurs. The specific surface of kaolinite is thus 
defined by its external surface area only, which ;s relatively small 
since the hydrogen bonding results in large particle sizes, typically 
.2 to 2 ~m across (Brady, 1974). Hence, the surface ~ctivity of kaolinite 
as defined by the area density of exchangeable cations is low since 
substitution is rare and surface activity is primarily determined by 
broken bonds at the edges of crystal sheets in the lateral dimension 
along the particle edges. 
Hydrous micas are 2:1 lattice clays which, like k~olinite, are 
also non-expanding clays, Illite is the most common member of this 
group and is often found associated \,Iith montmorillonite. The clay 
mineral fractions of the soils examined during the 1977 Bare Soil Experi-
ment are approximately 30% illite and 60% montmorillonite. Isomorphous 
substitution occurs mainly in the silica tetrahedral layer where approx-
imately 15 to 25% of the tetravalent silicon atoms are replaced by lar'ger 
trivalent aluminum atoms (Townsend, 1973). Non-exchangeable potassium 
ions on the surfaces of the crystal unit cell are tightly bound between 
adjacent tetrahedral layers, thus bonding adjacent unit cells. The 
potassium acts to restrict the expansion potential of the illite particle 
structure thereby limiting cation exchange sites to the particle external 
surface area. Cation exchange can occur at the planar surfaces of the 
particle and along the frayed lateral edges of the structure. Illite 
particles tend to be intermediate in size between those of kaolinite 
and montmorillonite. 
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Montmot'i11onite is a 2:1 lattice clay with considerable potential 
to expand. Isomorphous substitution occurs in both the tett'ahedral 
and octahedral layers. Commonly, aluminum substitutes for silicon in 
the tetrahedral layers and magnesium and iron substitute for aluminum 
in the octahedral layers. The high degree of sUbstitution imparts a 
large negative net surface charge on montmorillonite crystals which is 
satisfied by a S\'Iarm of exchangeable cations adsorbed to both the 
internal and external surfaces of a particle. Within a particle, the 
clay crystal unit cells are very loosely held by only van de Waal's 
forces and weak oxygen to oxygen affinities. This weak bonding of the 
clay unit cells allows the tremendous expansion of the piH'ticle 
structure when cations and water are introduced into the interlayers of 
the clay lattice. The very large internal surface of montmorillonite 
combined with a large r'elative external surface area (typi~ally .01 
to 1 pm equivalent particle diameter) and the high degree of 
isomorphous substitution causes the cation exchange capacity (GEG) of . 
montmorillonite to be an order of magnitude greater than that for 
either kao~inite or illite (Table 2.6). 
In summary, the total GEG of a given clay mineral is determined 
by the degree and type of isomorphous substitution within the crystal 
lattice and the number of broken bonds at the frayed crystal edges. 
The part of the CEC determined by isomorphous substitution is relatively 
constant in magnitude for a given soil, while the GEC determined by 
broken edge bonds is dependent upon the pH of the soil solution. At 
the crystal edges, the contribution to total CEC is proportional to 
soil pH; as pH increases more hydroxyl groups are dissociated with the 
hydrogen being readily ,exchangeable. The net effect of this pH 
dependent charge is small compared to the particle surface charge 
determined by isomorphous substitution (Figure 2.6). 
The CEC and the relative specific surface of clay minerals is 
important to the present discussion because of the manner in which 
electrostatically charged solid surfaces modify the distribution and 
electromagnetic behavior of water molecules in the soil solution. Also, 
it is obvious from Figure 2.5 that the cation exchange capacity of even 
small quantities of the colloidal fraction of organic humus will have 
a profound effect. These issues will be discussed after consideration 
of soi 1 Idater. 
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TABLE 2.6 
Compa r'ati ve Properti es of Three Major Types of Cl ay 
(from Brady, 1974). 
Prop4u)' Monlmorillllnh. 
Sile (11m) 0.01-1.0 
Sh;IIIC Irrcl!ubr /I • .Ik~, 5p<'ci"~ furrn~~ (m'/i) 700-$00 
E~I~lI1nllurracc ur~1J 
Inl~rnnl $urfnce Very high ('lIbn!on, phuliclt,Y mllh 
Swellillg capacity 'High 
Cation e~challge ~plcll,Y 
(m¢q/IOOg) S()-IOO 
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IOI}.I 2C1 
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Figure 2.6. 
Organic Colloid-.... 
Montmorillon ite ~ 
~~~-
pH - Depehdent Charge 
. ____ --__ .... __ ...... _ ... ____ ..J ~_ .... 
Permanent 
Charge 
5.0 6.0 
Soil pH 
8.0 10.0 
Influence of pH on the cation exchange capacity (a measure 
of the negative charge) of montmorillonite and humus. Note 
that belm." pH 6.0 the charge for the clay mineral is relatively 
constant. This charge is considered permanent and 1S due 
to ionic substitution in the cryst~l unit. Above pH 6.0 the 
charge on the mineral colloid increases because of ionization 
of hydrogen from exposed O-H groups at crystal edges. In 
constrast to the clay, essentially all of the charges on the 
organic colloid are consid.ered pH dependelit (from Brady, 1974). 
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2.1.4 Measurement of Soil Hater: 
~~ater content of soi 1 s may be detel'mi ned by di rect or i ndi rer.t 
methods. Direct methods use" variety of processes to separate watet~ 
from the soil solids, such as the oven drying of soil, for comparison of 
the mass of \'Jater to the mass of so; 1. Indi rect methods measure a 
property of the soil \'1hich is }~elated to water content such as: g~nvna 
ray and neutron attenuation, electrical conductivity and resistivity 
or the tension at which soil water is held. The last three methods are 
related to moisture content by its relationship to soil mO'lsture tension, 
which is a pressure or \'1ork per unit volume usually referenced to 
atmosphet'ic pressure in bars. 
All detenninations of soil water are made with respect to some 
arbitrary reference zero. In the gravimetric determination of soil 
moisture, the reference zero is commonly the mass of soil after drying 
at 100 to 110°C to a constant weight, usually requiring about 24 hours. 
Other reference zero points are possible since there is nothing unique 
about dehydration at 110aC (Figure 2.7). It is necessary to understand 
the structural nature of water t'etained by soils to explain the observed 
differences in dehydr(ltion as a function of temperature. 
The inclusion of organic matter in the soil matrix further confounds 
the selection of a reference zero. The organic fraction of soil contains 
many volatiles which oxidize at temperatures of 110°C although the net 
effect is usually quite small for agricultural soils where organic matter 
content ;s often less than 5% of the total dry weight of soil. After a 
10 day d'r.y;n~ period, a silt loam with 3% organic matter \'/as found to 
have a weight loss of.';onlY,O.3% moisture by weight (Black, 1964). 
The volUmetric moisture content of the soil, Mv' is the volume 
fract; on of the soi 1 occupi ed by water. r~v is a functi on of the \'1ei ght 
percent of water and the bul k density of the soil, 
\'1here: Hg ::: percent of watel" per g,"am of dry so; 1 
Pb ::: bulk density of the soil, g/cm3 
Pw ::: density of \'1ater ;;: 1.0 9/cm3 
24 
(2.3) 
, . 
l 
1 
1 
_.~~:.~J 
r. 
l 
-- -~---. - ----------_.----- ---------
l. 20 
l.18 
1. 16 
:!:11. 14 
c 
:::> 
'=' 1. 12 
ctJ 
i.-
...... 
. -
-E 1. 10 
ex: 
.. 
...... 
.c: . 0')1. 08 
.-Q.) 
~ 1. 06 
1. 04 
1. 02 
.-Allophane 0/2 Scale) 
...-Gibbsite 0/3 Scale) 
.- Kaol in ite 
-- Chlorite 
, _Quartz or Feldspar" 
1. 00 I I I I 
o 100 200 300 400 500 600 700 800 
Temperature, 0 C 
Figure 2.7. Height loss of clay minerals as a function of temperattwe. 
The weight of the sample at a temperature of BOOoe or 
greater is taken to be unity. Water content pel~centages on 
a mass basis may be obtained by subtracting 1 from the 
ordinate figure and multiplying by 100. (The numb~rs to 
the right of the decimal thus may be regarded as percent-
ages. ) (From B1 ack, 1964). 
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In clay soils, gravimetric moisture Mg and bulk density are not 
independent due to the expansion of clay particles by adsorption of 
inter1ayer water. Thus, Mg is inversely proportional to Pb in clay soils. 
The effects of this dependence can produce a considerable error in the 
calculation of volumetric moisture content from Mg, up to approximately 
20%, if bulk density is treated as a constant as a fUnction of Mg' As 
a consequence, accUl~ate volumetric moisture determination necessitates 
the concUl~rent measurement of soil bulk density of clay soils. Since the 
field measurement of bulk density is difficult and the accuracy of a 
particular method is often restricted to a small range of Mg, it is often 
impractical to make concurrent determinations of Mg and Pb' Apppndix A 
further treats the problem of bulk density sampling and presents a simple 
physical model for estimating Pb as a function of Mg for clay soils. 
Soil is composed of solid, liquid and gas phases. At most, the 
liquid phase can only occupy that volume fraction of the soil not 
occupied by solids, or the pore space. The pore space of a soil is 
defined t5y soil bulk density and the specific density of the soil solids. 
The bulk volu~e of soil is given as: 
Vb = Ms/Pb 
~here: Vb = bulk volume of the soil, cm3 
r1s = dry mass of soi 1, 9 
Pb = bulk density of soil, g/cm3 
Simil ar1y, the parti cl e vol ume is determined by: 
where: Vp = the total volume of solid particles, cm3 
Ms = dry mass of solid particles, g 
(2.4) 
(2.5) 
Pp = the specific pal~ticle density of soil :: 2.65 g/cm3 
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Ft'olll these definitions, it f0110\'/s that the volume of soil occupied by 
solids is given by the ratio Vp/Vb; and the porosity of the soil is 
l-V p/Vb' The total percent porosity St can then be defi ned as: 
(2.6) 
By definition, percent volumetric moisture must be less than or equal to 
porosity, 
It should btl lIotod that fat' n:<pllnding lilt:ti\~l1 r.li\Y~, Pb iR known 
to be dependent upon soil water content (Figure 2.8). Thus it is to 
be expected that the total porosity of clay soils will be proportional 
to moisture content. 
Hhile maximal \'/ate,~ content of a soil is detel"mined by its porosity, 
the water content of a soil, at any given point in time, is determined by 
the interaction of soil structure and soil-water energy relationships. 
Structurally, soil water consists of pore water, solvate watet', 
adsorbed water and structural water (Kezdi, 1974). Pore water occupies 
the l11acropol~es of the soil matrix; its volume is established by the 
effect of hydrodynamic forces acting upon the capillarity of the pore 
size distribution within the soil. The behavior of pore water is physically 
and chemically equivalent to that of bulk water having the same salt 
concentration. Sol vate \'Jater forms a hydrati on 1 ayer around soil parti cl es. 
The thickness of the solvate water layer around an individual pay·ticle ;s 
dependent upon the electrostatic charge of the particle surface, ionic 
bonding forces within the soil solution and the polar nature of water; 
the solvate layer is typically 20 to 400 AO thick Which corresponds to a 
water layer 8 to 160 molecules thick depending upon the specific particle 
and solution considered (Bolt and Bruggenwert, 1976). Solvate water may 
have a greater density and viscosity than bulk water, although much of it 
can still flow under the hydrodynamic forces governing the flow of pore 
water. Adsorbed water is a tightly held hydration shell of 1 to 10 
monomolecular layet's of water adjacent to the solid surface depending 
upon the mineralogy of the particle and the ion concentration of the 
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Figure 2.8. The moisture characteristic and swelling curve of a 
sample of kaolin clay (from Childs, 1969). 
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so luti on (van 01 phen, 1963). The adsot'bcd wa tel' cannot be moved by the 
influence of normal hydrodynamic forces and cannot be completely removed 
by traditional oven drying procedures at 110oe. Structural \'1ater is not 
true water in the fOl'mal sense of the term, and is composed of the 
hydroxyl groups within the crysta"' lattice structure of primarily the 
layer aluminosilicates. Structural water' cannot be removed from the 
crystal lattir.e without severe modification of the crystal. 
The dehydration curves of common soil minerals in Figure 2.7 
illustrate the relative differences in the volume of \'1ater held in given 
structural states. The pore water and most solvate water is evaporated 
from all the minerals at 100oe. The remaining solvate water and the 
adsol'bed water are typically evaporated at temperatures less than 2000C. 
The amount of structural water is shown by the relatively horizontal 
portions of the curves at 16%, 6% and lX for kaolinite, montmorillonite 
and qual-tz respectively. Evaporation of hydroxyl groups is responsible 
for the weight loss of the clay minerals at about 6000e. Differential 
thermal analysis of a calcium montmorillonite (Figure 2.9) illustrates 
the amount of heat required to liberate the various forms of water held 
by the clay. All pore and solvate water is evaporated by the adsorbed 
heat between 00 and the endothermic peak at :: 1200 C. The shoulder on 
this endothermic peak is due to the vaporization of adsorbed water at 
temperatures between ~ 150 to 2000e. The loss of hydroxyl water at 
6000e causes a second endothermic peak. The exothermic peak at 9000e 
is attributed to phase changes in the crystal lattice structure and is 
preceded by the endothet"mi c evaporati on of the fi na 1 tl'aces of structural 
hydroxyl water (van Olphen, 1963). 
2.1.5 Energy of Soil Water 
The free energy of soil water characterizes the sumnation of 
potential, kinetic and electrical energy acting upon the soil water 
system. The dominant forces affecting the free energy of soil water are 
gravitational, matric and osmotic. The status of free energy of soil 
water is measured as a potential, where soil water potential is defined 
as the difference between the energy of soil water and that of pure 
water (Brady, 1974). The soil water potential is commonly referenced 
to the energy of pure water at an arbitrary water tabl e. Th2 soil 
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Figure 2.9. Differential thermal analysis (DTA) of a montmorillonite (schematic) (from van Olphen, 
1963) . 
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solution may occU)~ as thin films covering the soil particles or as pore 
water at higher moisture contents. Only at Illoistures near saturation 
does the soil solution exhibit the properties of flow, vaporization and 
internal energy that characterilc bulk water. As a result, the energy 
relations of film and pore water have proven themselves more useful in 
the study of plant-soil-watet' relations than the properties of bulk 
water (Taylor and Ashcroft, 1972). 
Total soil \~atel' potential is the sum of the potentials arising 
from each of the forces acting upon the soil water system (Figure 2.1Q). 
The gravitational force produces a positive potential and functions to 
transport water to lower elevation in the soil profile. The gravitational 
force acts primarily on the pore and some solvate water in the capillary 
maze of the soil matrix. The matric potential measures the attraction 
of the soil \I/ater mol eeul as to each other and to soil soli d surfaces 
due to cohesive and adhesive forces respectively. The cohesive force 
produces the surface tension of water. The phenomenon of capillarity 
is due to the combined effects Of surface tension and adhesion of \I/ater 
to the soil solid surfaces. Thus, the matric potential is negative since 
it functions to reduce the free energy of soil water. 
Th.e. osmotic potent1&1 of $oi1 \ta.ter is a.ls.Q ne9&tive; it is the 
result of a.ttractive forces of ions and other solutes which t~nd to 
hydrate by orienting polar \vater molecules. The electrostatic fields 
of ions cause a polarization and binding of surrounding water molecules 
in a manner described by a model of three concentric \~ater regions 
enveloping the ion (Kavanau, 1964). An innermost region of structured, 
polarized and electrostructured water molecules grades into an inter-
mediate region \I/here the water is less structured than ordinat",Y water 
and an outermost region of bulk water. Polarization is found to be 
proportional to the charge of the ion and inversely proportional to 
ionic radius squared (Nielson, et al., 1972), Thus, the polarizing 
effects are observed to be most pronounced for small highly charged 
ions such as sodium (Shainberg and Kemper, 1966). 
Since osmotic and matric potentials are negative, it is convenient 
to deser; be them in terms of posi tive tens; ons or suet; ons by \l/l1i eh the 
water is held within the soil. The tension of soil water describes the 
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Figure 2.10. Soil water potential. In an isothermal equilibrium system, 
matric suction is the pressure difference across a mem-
brane separating soil solution (equilibrium dialyzate) 
in bulk from soil containing the solution, the membrane 
being permeable to solution, but not to matrix or to 
mass flow of gas;osmotic suction is the pressure differ~ 
ence across a semipermeable membrane separating bulk 
phases of pure water and the soil solution; total suction 
is the sum of the matric sliction and theosmotic suction 
and is the pressure difference across a ~emipermeable 
membrane separating pure water and soil that contains 
solution. An ideal semipermeable membrane is permeable 
to water only (modified from Black, 1964). 
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free tenergy of the soil wate)' and its availability to plants or for 
mass movement under the influence of hydrodynamic forces. Suction is 
commonly expressed in terms of the height of a water colUinn whose weight 
equals the suction or as pF which is the logarithm to the base 10 of 
this column height in cm. Approximate equivalents between suction 
expressed as em of water, pF and atmospheres are given in Table 2.7. 
In the American literature, suction or tension is more commonly expressed 
in terms of atmospheres or bars of pressure. The relevant conversion 
factors are: 
1 bar = 1 x 106 dynes/cm2 
1 millibar:: 1 x 103 dynes/cm2 
1 bar = 0.98692 atmosphere 
1.0133 bar = 1.0 atmosphere 
1 bar = 1033.26 g/cm2 
1 bar ~ 1022.7 em of pUl~e water' at 2SoC 
Soil water energy potential, as measured by soil suction) is related 
to soil \~ater content for a given soil and moisture history. However, 
soil tension is not a direct expression of the thickness of water films 
around soil particles but also depends upon soil structure, specific 
surface and the solute content of the soil water. 
The differnnces in soil water retention at various tensions between 
soil textural classes observed in Figure 2.11 correspond to differences 
in pore size and shape distributions combined with differences in the 
nature and strength of adsorptive forces for soil particles with differing 
mineralogy. Coarse textured soils, such as sand, are characterized by 
comparatively large pores which can hold water only at low suctions. On 
the other hand, clay soils have a much finer network of pores and soil 
water retention is dominated by the interaction of soil water with a 
large relative surface area. Thus, a considerable range of the~ater 
content of clays is highly controlled by higher tension matric and osmotic 
. forces. 
An explanation of the dramatic differences ;n 50;1 water retention 
between soil textural classes at suctions greater than ~ 1 bar lies 
33 
r 
~­
I 
-~--~ -----------~-~---~---~-------------~-~--------~----
TABLE 2.7 
Approximate Equivalents of COlTlllon f1eans of Expressing 
Differences in Energy Levels of Soil Water (from Brady. 1974). 
". ..... ~~-------------!.------
Ilcighl of Unit Column 
ofWII!cr 
(em) 
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Figure 2.11. Soil moisture suction curves for three representative mineral soils. The solid lines 
show the relationship obtained by slowly drying completely saturated soils. The dotted 
line for the clay soil is the relationship expected when a dry soil is wetted. The 
difference between the blo clay line's is due to hysteresis (modified from Brady, 1974). 
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in the differences in net surface area per unit volume and the behavior 
of water at the soil solid surfaces. It was previously stressed that 
the specific surface area of soil increases as particle size decreases, 
as particle shape becomes less spherical and as clay content increases 
(thus increasing internal illterlayer surface area). The remainder of 
this section will deal with the surface interaction between the soil 
solution and the soil solids. 
As was mentioned earlier, the internal structure of the clay crystal 
lattice has a charge imbalance due to the isomorphous substitution of 
lower valence cations for silicon and aluminum ions. As a result, the 
clay mineral particles have a constant negative surface charge distri-
buted on the layer surfaces whose magnitude is dependent upon the mineralogy 
of the lattice structure. The electroneutrality of the clay particle is 
maintained by the adsorption of cations (Na+, Ca++, K+, ~1;+) on the 
crystal unit layer surfaces. These exchangeable surface cations can be-
come completely disassociated from the particle when hydrated. 
In contrast, the surface charge of oxides (such as 5i02 or quartz) 
is determined by the incomplete terminal molecular layer at the crystal 
edge. The loss of coordinating cations at the frayed particle edge leads 
to the partial hydroxylization of the surface which, when hydrated, pro-
duces a surface charge highly dependent upon pH. This means that for 
soil solutions very high in H-ion concentration, the surface may adsorb 
more protons than needed for neutralization and result in a positive 
surface charge (Bolt and Bruggenwert, 1976). This situation also exists 
at the broken edges of silicon tetrahedral layers in the clay minerals such 
that there exists a pH dependent £gtential surface charge at the frayed 
edges and a constant negative surface charge on the layer faces. 
Within the liquid layer adjacent to the charged particle surfaces, 
'the dissrciated exchangeable cations t!nd to remain in the neighborhood 
of the spatially fixed lattice surface charge imbalances. The surface 
charge density Q of a given soil is th,~ ratio of the cation exchange 
capacity to the specific surface, 
. I 2 Q = CEC S, meq/m . (2.7) 
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The density of the surface charges determines the magnitude of an elec-
trostatic field extending into the adjacent liquid layer. The electric 
field attracts compensating dissociated counter-ions and repels ions of 
like charge thus producing what is termed the electric double layer (Gouy, 
1910; Stern, 1924). The accumulation of counter-ions within the hydration 
shell adjacent to the solid surface is not complete, however, since the 
adsorptive force of the electric field is opposed by the diffusion of 
counterions from the surface toward the lower ionic concentration in the 
bulk solution. The opposing tendencies of entropy and electrostatic 
attraction produce an exponential decrease in counterion concentration 
as a function of distance from the soil solid surface (Figure 2.12). 
The resultant counterioll atmosphel"e is known as the Gouy layer \~hich 
represents a condition of minimum free energy in the system. The Gouy 
layer also consists of a distribution of co-ions (charge s'ilnilar to 
that of the surface charge) whose concentration increases exponentially 
with distance from the solid surface due to electrostatic repulsion 
(van 01phen, 1963). By use of the Poisson-Boltzmann equation from 
electrostatic and diffusion theory, the distribution of positive and 
negative ion concentrations can be calculated as a function of distance 
from a solid surface of known charge density. 
(2.n) 
where: C1/CO = ratio of counterion concentration near the 
surface to that of the bulk solution 
~E = the potential energy difference of ions in the 
attractive field 
kT = the kinetic energy of the ion Where k is Boltzmann's 
constant and T is the absolute tp.mpp.l'<t.t.llre. 
The ion concentration of the Gouy layer is shown in Figure 2.13 
for a negatively charged particle surface. The effects of a change in 
the solute concentration of the bulk solution are shown for a frayed 
particle edge which is typified by a constant surface potential and for 
a clay unit layer face Which ;s typified by a constant surface charge in 
Figures 2.l3a and b, respectively. The lines AD and CD represent the 
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Figure 2.12. Distribution and concentration of counterions in the 
electric double layer for a} condition of minimum" Energy, 
b) condition of maximum Entropy, and c) condition of 
mi nimurn Free Energy , actual di sb'i bution(modi fi ed fl'om 
Bolt and Bruggenwert, 1976). 
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Figure 2.13. Charge distribution in the diffuse double layer of a negative particle at two electrolyte 
concentrations. a) constant surface potential at crystal edges and b) constant surface 
charge at clay layer faces (modified from van Olphen, 1963). 
!It_ 
respective counterion and co-ion concantrations in the soil solution as a 
function of distance f.'om the particle surface. The extent of the diffuse 
double layer into the bulk soil solution is given as the distance from the 
solid surface at which the co-ion and counterion concentrations are equi-
valent to those of the bulk solution; this is shown graphically as the rela-
tive length of line BD. The net surface charge of the particle 
surface is equal to the area defined by CAD. In Figure 2.13a 
the Gouy layer of the frayed crystal edges is shown to be pH dependent; 
an increase in the bulk electrolyte concentration from level BD to B'O' 
results in the compre~sion of the double layer towards the particle sur-
face from distance p to p' and results in a net increase of the surface 
charge. In contrast, an increase of the bulk electrolyte concentration 
adjacent to a clay layer face (Figure 2.13b) causes no change in the net 
surface charge although the Gouy layer is also shown to be compt'essed towards 
the particle surface. It should be remembered that the effects shown in 
Figure 2.13b dominate the net behavior of the soil when clay is present 
because of the large specific surface of clay crystal layer faces having 
a constant surface charge relative to the area of crystal edges or the 
external surfaces of coarser silt and sand sized particles which have a 
constant surface potential. 
The theoretical thickness of the diffuse double layer, as defined 
above, is shown in Table 2.8 for various electrolyte concentrations of 
monovalent and divalent counterions. For normal soils, the total elec-
trolyte concentration varies from about .01 normal at field capacity to 
roughly .1 normal at wilting point with approximately equal amounts of 
monovalent and divalent cations in solution, while saline soils are 
about .1 normal electrolyte concentration at field capacity (Bolt and 
Bruggenwert, 1976). If the diameter of a water molecule is taken as 
approximately 2.76Ao, the thicknesses shown in Table 2.8 correspond to 
from 2 to 362 monomolecular layers of \'1ater. 
The theoretical thicknesses of the double layer given in Table 2.8 
assume that a particle surface is adjacent to an infinite volume of bulk 
solution; this condition is not usually true within the soil ma~rix. 
l~ithin the soil, interparticle distances are often less than twice the 
electric double layer; Figure 2.14 compares the countetion concentration 
for such a situation with that of unimpeded Gouy layers. 
110 
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TAI3LE 2.8 
Approximate "Thickness" of the Electric Double Layel~ 
As a Function of Electrolyte Concentration at a 
Constant Surface Potential (from van 01 pllen, 1963). 
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Figure 2.14. The distribution of ions ;n the Gouy layer between two 
parallel plane micelles. Broken lines indicate unimpeded 
Gouy layers (from Childs, 1969). 
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-As a soil is dried by evaporation, water is removed in the vapor 
phase and ions are forced to remain in the liquid phase. Thus, as drying 
proceeds due to evapotranspirative demands, the electrolyte concentration 
of soil \~ater tends to increase. Below a certain moisture, the voids 
between adjacent soil solid surfaces will no longer be completely filled 
with soil solution and water will consist of film layers around the soil 
particle surfaces (both external and internal). Continuing dehydration 
will cause the thickness of the water film layer to become smaller than 
the double luyer thickness. Truncation of the diffuse electric double 
layer causes continued adjustment of the ionic concentrations in solution 
(Figure 2.15). A truncated double layer develops a powerful s\velling 
pressure when brought into contact with additional water. This swelling 
pressure can be of sufficient magnitude in expanding lattice clays, such 
as montmorillonite, to close inter-aggregate pores and reduce the 
hydtaul i c conducti vi ty of the soil. 
The spacing between the centers of adjacent crystal unit layers of 
dry 1:1 and 2:1 alumina silicates is approximately 7.2Ao and 9.6Ao, 
respectively (van Olpehn, 1963). In the case of montmorillonite, the 
initial contact with water produces an increased spacing on the order of 
l2.5-20Ao, depending upon the specific clay and counterions present. This 
initial interlayer swelling, at most, doubles the volume of the dry soil 
by adding 1 to 4 monomolecular water layers in a vel'y stable configuration; 
the initial swelling is attributed to surface hydration and counterion 
hydration within the electric double layer. The forces holding water to 
the soil surface ;n this region are very strong; van Olphen (1963) estimates 
that the energy requ; red to remove the 1 as t few 1 ayers of \'1 a ter is on the 
order of 50~lOO ergs/cm2 which corresponds to a pressure of approximately 
60,000 psi or 4,000 atmospheres. 
At crystal unit layer separations in excess of 10Ao the surface hydra-
tion energy is no longer important and subsequent swelling of clays is due 
to osmotic swelling. Osmotic swelling is caused by the double layer repul-
sion between adjacent solid surfaces and the extent of such swelling is 
limited by van der \~aals attraction between the solids and the presence 
of positively charged particle edge to negatively charged layer face 
linkages (Mitchell, 1976). Osmotic swelling reduces the truncation of 
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adjacent Gouy double layers to the extent permitted by the above mentioned 
inter-particle attractive forces. Osmotic swelling pressures decrease 
\'lith increasing \'later content of the soil frolll a soil suction of about 
30 atmospheres to less than 0.1 atmosphere (van Olphen, 1963). Osmotic 
swe11ing can be responsible for the addition of up to 20 monomolecular 
layers of interlayer water depending upon the clay mineralogy and the 
electrolyte concentration. 
For a given particle surface of known charge density and a solution 
of known electrolyte concentration, the average electric potential can be 
computed at any point \·,ith rt!spect to the sutface from the Gouy layer model. 
The potenti al will have a maximum val ue at the surface and decrease 
exponentially \'Jith distance from the surface (Figure 2.16). An increase in 
electrolyte concentration around oxides such as quartz or clay crystal edges 
will result in a more rapid decay of electric potential with distance from 
a constant surface potential (Figure 2.16a), while the effect upon the 
constant su.rface charged Clay lays)' faces ;s to uniformly reduce the 
electrical potential at all distancc5 (Figure 2.16b). 
The magnitude of the electric potential at any given point in the 
soil solution determines the degree of orientation of dipolar water 
molecules within the electrostatic field nmintained by the soil solid 
surfaces. Since the field strength and electric potential decrease with 
distance from the particle surface, the rigidity of \'Jater molecule orientation 
also decreases exponentially with distance (Nielson, et al.) 1972). In 
addition, the freedom of \\'ater l:lOlecules to oscillate within an impressed 
field of microwave energy is inversely proportional to the force by which 
water is rigidly oriented relative to the soil solid surface. Thus, the 
di el ectri c constant of water at mi cl'O\~ave f\'I~quenci es can be expected to 
increase exponentially with distance from the soil solid surface as 
electrostatic attractive forces diminish. 
The compression of the electric double layer \'Jith increasing electrolyte 
concentration (Figures 2.13 and 2.14) is important to the present discussion 
because of its effect upon the dielectric constant of soils \'lith low moisture 
contents and of saline soils at any moisture content. In general, the 
effect of increased electrolyte concentration will be to decrease the 
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electric potential of \-later molecules relative to the solid surface and 
thereby increase dielnctric constant. As a result, the dielectric constant 
of saline soils will be higher than that of mere neutral 5011& (all other 
parameters being equal). At high moistUl'e contents of the so; 1 where 
the volume of soil \'later is in excess of that needed to hydrate all of 
the diffuse electrical double layer, the excess water will have the 
dielectric characteristics of bulk water at that particular electrolyte 
concentration. 
In summation, the dielectric behavior of soil is governed by the 
dielectric constant of soil solids and the dielectric constant of soil 
\'later \~hich is dependent upon the surface charge density of the solids 
at a given electrolyte concentration, the specific surface and the total 
water content of the soil. Since the surface charge densities of commonly 
occurring soil minerals are very similar in spite of large differences 
in CEC (Table 2.9), the net dielectric behavior of soils are dominated 
by the specific surface area of soils due to particle size distribution 
and internal surface area acting in conjunction with the volume of water 
at given electrolyte concentrations. Hence, it is to be expected that 
the dielectric constant of moist soils should exhibit a pronounced 
dependence upon soil texture. 
2.2 Electrical Behavior of Soil Water 
Variance in the electrical behavior of soil watel~ has been observed 
at microwave frequencies in measurements of the dielectric constant and 
in measurements with passive and active microwave sensor systems. These 
differences have been variously attributed to the effects of salinity, 
bulk density, and IIbound" water amollg others. 
2.2.1 Dielectric measurements of soils 
The effects of soil texture on microwave sensor response to so;l 
moisture are predicated upon the complex dielectric constant of moist 
soils. In general, the real part of the dielectric con5tant is about 
3.5 for the dry mineral constituents of soil and about 79.0 for pure 
water, more than an order of magnitude in difference. Dielectric 
measurements of soils have been made by numerous investigators for a 
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TAOLE 2.9 
Properti es of Vari OUS C1 llY Mi ne.'a 1 s (from Baver, Gardner and Gardner, 1972). 
a. The Specific Surfa:c, Cation .. Exchange Capacity, nnd Density of 
Charge! 
~------------------------------------
b. 
• 
Clltioll,,,:xc:h3Ilge 
Clay mineral 
Specific: sUrfo('e: c:ap:li:lty 
(mt/g) (me/g) 
Kaolinites s- 20· O.O)~O.lst 
Illites 10o-ZOO' O,lo.o,llOt 
V ermic:ulites 3OO-SOO· 1.0()"t. sot 
Montmorillonice$ 700-S00· 0.80-1.50t 
N, CPU E.G. 
JIIile-li 93 96 91 0.26 
Jllite.2§ 132 1)8 144 0.41 
KlioHnite-1 § 17 21 21 0.0·13 
Kaolinite-2 § )6 )6 0.050 
K~olinite-) § 40 9 n 0.030 
Montmorillonite.\ § 47 800 0.98 
Montmoriltonite·2 § 49 600 0.98 
Montmorillonite.) § 10\ 800 0.99 
• Fripi:lt. (1964). 
t Grim (1962). (Used with permission of MeCr;tw-(Jm Book Co,) 
t Calculated from the data in second :lnd third columns. 
§ Greenhnd :lnd Quirk (19M). . 
CPB.· - cetyl pyriJinium bromide. 
E.G ... ethylene: glycol. 
Densley of chuge 
(me/m' X 10') 
6-7,H 
1.()"2,0~ 
J.o-3.3t 
1.1-I.9t 
N, CI?U 
2.8 2.7 
',I 2,9 
2.S 2.0 
1.4. 1.4 
0.1$ 3.3 
21.0 1.22 
21.0 1.6 
9.8 1.22 
Heat of Wetting, Specific Surface, CationwExchange Capacity, and 
Density of Chnrge (from Greene-Kelly, 1962). 
Heat of Specific Density of I 
wetting Jurf.,ce CEC ch:1rge 
Clay mineral (cal/g) (mt/Il> (me/g) (me/Ill' X 10') 
Kaolinite-I 1.6 14.8 .o.OH 2.4 
2 1.1 12,0 o.o:n 1.9 
3 1.4 11.0 0,019 1.9 
4 2.1 25.0 O.OH 1.7 
Hydrolls miea-! 7,6 ISO 0.25 1.7 
2 4.8 110 0,17 1.5 
3 7.9 160 0,30 1.9 
4 16,5 250 O.'ll 1.7 
Montmorillonite •• 16.5 690 0.92 I.) 
2 17.4 610 0,83 1.3 
3 22.2 700 1.13 1.6 
variety of soil textures. Results pertinent to the present discussion 
are presented below. 
The complex dielectric constant consists of a real and an imaginary 
part: 
where: 
K "K' .. jKU (2.9) r r r 
j "r-r 
K~ lit the relative permittivity 
K~ = the effective conductivity 
The real and imaginary parts of the complex dielectric constant for \'Iater 
can be computed from the Debye equations as modified by Lane and Saxton 
(1952) to include ionic conductivity effects of salt solutions: 
I _ I (Ks - K~) 
Krw - Kto + "i+l fifo) 2 ( 2 ~ 10) 
and 
(Ks - Kto) 
K~~I = (fIfo) i + (T/fo)2 + 
where: K~~'1 = K~ for water 
K" = Kit for water rw r 
(1. 
1 (2.11 ) 
Kto :: rel ative permittivity at frequencies much higher than 
the relaxation frequency 
fo = the relaxation frequency 
Ks = static relative permittivity (f = 0) 
o. = ionic conductivity of the salt solution 1 
Ko ~ free-space permittivity. 
Cihlar and Ulaby (1974) summarized many of the dielectric measurements 
of soil and noted the following as regards the general behavior of 
dielectric constant as a function of soil moisture: 
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a) r10isture Effects. At low soil moistures the real part of the 
dielectric constant increases slowly with increasing moisture to a transition 
point proportional to the clay fraction of the soil (Figure 2.17). This 
region of low sensitivity to soil moisture is attributed to the effect of 
adsorbed water on the soil part'lele 5urfaces. At moistures above the 
transition point, the real part of the dielectric constant increases at a 
much faster rate with increasing moisture. The imaginary part of the 
diel ectri c constant is small er than the real Piwt at most frequencies and 
usually incre~ses monotonically with increasing moisture content although 
some investigators (Geiger and ~lil1iams, 1972; Nel'lton, 1977; Hang and 
Schmugge, 1978) have noted an inflection point similar to the t •. l')sition 
point defined for the real part. 
b) Bulk Density Effects. Bulk density has been shown to have a 
considerable effect on K~ for given soils and minerals at constant gravimetric 
moisture. Cihlar and Ulaby (1974) report that studies of pumice at 10 GHz 
(Peake, et a 1., 1966) and of soil (Edgerton, et al., 1971) supports the 
fol1?wing relationship as shown in Figure 2.18: 
(2. 12) 
As a result, it is necessary to express soil moisture as a volume percent 
to account for the dependence of K~ on bulk density. Figure 2.19 illustrates 
the effect of using volumetric moisture as the soil water descriptor in 
place of gravimetric moisture. It can be seen that volumetric moisture 
units adequately account for variance in K' values at all measured moistures 
. ' r 
regardless of soil compaction. 
c) Soil Textw'al Effects. As previously mentioned, the primary 
effect of soil texture on the measured dielectric constant appears to be the 
value of the transition moisture. The existance of a transition moisture 
or moisture range is supported by the electric double layer model which 
contends that the first few layers of absorbed water should have a limited 
mobility and thus inhibit vibration at microwave frequencies. Jhere 
exists some uncertainty as to the structure of the first fe\~ layers of 
water forming a hydration shell around hydrophilic particles. If this 
water has a hexagonal grouping structure similar, but not identical, to 
that of ice (Hendricks and Jefferson, 1938; Ravina and Low, 1972), it could 
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have a dielectric constant about 0.1 that of free water (Grim, 1968). 
However, there exists evidence suggesting that water within the hydration 
shell is more dense than free \'later and more highly ordered than ice 
(t4itchell, 1976). The double layer model also predicts that conductivity 
should increase at low moisture contents due to the presence of ion 
concentrations inversely proportional to distance from particle surfaces. 
Since the imaginary part of the dielectric constant K~ is proportional to 
conductivity, the magnitude of K~ is proportional to the specific surface 
area of soil s at a gi ven moi sture. f4easurements of K~ for sand and loam 
at .13 to 3 GHz (Leschanskii~ et al., 1971; Lundien, 1971) demonstrate 
that K~ of loam (Figure 2.20) is much higher than that of sand. (Figure 2.21). 
T.hese figures also demonstt~ate that the difference between K~ of loam and 
sand decreases \-:i th i ncreas i n£1 frequency. 
There have been many theoretical mixing formulas applied to describe 
the dielectric behavior of the soi1-water-air system (Table 2.10). A 
comparison between t~e mixing formulas reported in the literature and 
actual values measured for sand, clay loam and clay (Figure 2.22) demonstrates 
that these theoretical models al'e poor descriptors of the observed dielectric 
behavior and fail to account fOI" the pronounced differences bet\'/een soil 
textura 1 cl asses O~ang and Schl11ugge, 1978). More compl ex empi ri ca l1y 
derived mixing formulas have been developed which more accurately predict the 
observed dielectric constant as a function of volumetric moistul"e Mv and 
can account for the effects of soi 1 texture (Wobschal1, 1977; Hang and 
Schmugge, 1978). Wobschall (1977) treats the soil-water-air system as 
a complex multiple mixture of various portions of the soil solution and 
soil solids which appear to be qualitatively relate~ to the double layer 
model and soil tension. In a more explicit approach relative to soil 
physics, ~Jang and Schmugge (1978) separate volumetric moisture into a 
portion above the transition moisture which is treated as bulk water 
and a portion less than the transition moisture which is treated as 
adsorbed water having the dielectric constant of ice. In Figur~ 2.17 
the transition moisture is indicated graphically as the intersection of 
the two line segments for each soil. Transition moisture was observed 
to be independent of frequenc.Y for a given soil and was found to be 
highly correlated with an estimate of the water content at 15 bars of 
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TABLE 2.10 
The Mixing Formulas Used for Comparison with the Measured 
Dieloctric Constants of Soil-Water Mixtures (from Wang and Schmuage, 1978). 
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G. Waglle,' (1914) 
7. l,hnradly and Jacl{son (1953) 
8. Ncrpln and Chudnovsldl (1970 
9, WIencr (1910) 
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tension: 
where: 
WT ;:: 0.09 + 0.59 x WP (2.13) 
WT ;:: transition moisture, cm
3/cm3 
WP = an estimate of moisture at the wilting point at 
15 bars of tension, cm3/cm3 
WP ;:: 0.06774 - 0.00064 x % sand +-0.00478 x % clay 
.. .. 
From observations of the behavior of the transition moisture as 
a function of particle size distribution, Newton (1977) postulates a 
direct dependence of the complex dielectric constant on the tension 
of soil water. In lieu of experimental measurements of K~ and K~ as 
a function of tension, Newton (1977) assumes the moisture~tension 
characteristic of the clay loam (Figure 2.23) to be equivalent to that 
measured for the compositionally similar Avondale clay loam. Further-
more, assuming relative permittivity to be solely dependent upon soil 
tension in the manner given by the clay loam (Figure 2.23), the relation-
ship beb/een relative permittivity and tension is obtained (Figure 2.24), 
which is texture independent by definition. Combining Figures 2.23 
and 2.24 yields estimated volumetric moisture-tension characteristic 
curves for sand and clay as seen in Figure 2.25. The strong similarity 
between the families of estimated and measured moisture-tension 
characteristics, Figures 2.25 and 2.26 respectively, supports the validity 
of the postulated dependence of the dielectric constant on soil water 
tension. 
2.2.2 Observed soil textural effects on microwave sensor response fO 
soil· moi sture 
Microwave sensor response to a target is determined by the relationship 
between the frequency, incidence angle and polarization of the sensor and 
the dielectric and geometric properties of the target. Conservation 
of energy dictates that all energy incident upon a surface must"be absorbed, 
reflected or transmitted. 
H. = H + H + H 1 a p 't" (2.14) 
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where: Wi = incident energy 
W = absorbed energy 
a 
W = reflected ener::lY p 
W = transmitted energy 
T 
Normalizing equation 2.14 by Wi at a given wavelength ~ yields: 
where: 
1 = a{A) + p(A) + T{A) 
a = absorptivity 
P = reflectivity 
T = transmittivity 
). = wavelength 
(2.15) 
For an opaque surface, transmittance = 0 and equation (2.15) can be 
simplified to: 
1 = a().) + p{A) (2.16) 
Kirchhoff's Law states that absorptivity eq'uals emissivity e:. 
(2. 17) 
By substituting equation ~.17 into 2.16: 
e:(A) =1 - p{A) (2. 18) 
Passive microwave radiometers measure the brightness temperature of 
the surface which is a function of the emissivity and the surface tempernture" 
where: 1S = observed brightness temperature oK 
19 = surface temperature oK 
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Active microwave sensors measure the backscattering coefficient 
(j0 ()f the surface which is related to the power reflection coefficient 
R at a given i nci dence angl e e and the surface geometl'Y. 
0: = f(Ro' roughness) (2 .• 20) 
The reflectivity of a surface is govel'ned by the geometric roughness 
relative to the sensor wavelength and the dielectric properties of the 
surface. According to the Rayleigh criterion, a surface may be 
considered electromagnetically smooth if 
where: 
h ~ A/(8 cose) 
h = height variations above a reference plane 
o = incidence angle (relative to nadir) 
(2.21) 
For a smooth sUl'face, reflectivity is equal to the power reflection 
coefficient and the square of the voltage reflection coefficient 
(2.22) 
which is a function of the complex dielectric constant. The Fresnel 
voltage reflection coefficient r is defined separately for each 
polarization of the incident electric field by: 
and, 
where: 
2 a + ( .. 2 • 2e )~ ::: -n cos i n - s 1 n i 
n2 COSO i + ~n2 - s;n2oi)~ 
coso; - (n 2 - sin2ei)~ 
cose. + (n 2 - sin2e.)~ 
1 1 
(2.23) 
(Z.24) 
r = voltage reflection coefficient for the vertical or 
horizontal polarization, fV and fH respectively. 
exp(j~) = the phase relation between the incident and 
refl~cted electric field. 
n ::: the index of refraction between two media. 
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Since at microwave frequencies 
(2.25) 
where: P
r 
= relative permeability = 1.0 for soils. Equations (2.23) 
and (2.24) can be expressed in terms of the dielectric constant Kr as: 
krcoso - (ky - sin2o)~ 
fV ;: (2.26) 
krcoso + (k
r 
- s;n2e)~ 
r ;: coso -
H 
cosO + 
(2.27) 
At normal incidence angle and for a smooth surface, the above equrltions 
reduce to a single expression independont of polarization, 
(2.28) 
Using the data from Figure 2.23, the relationship shown in 
figure 2.27 is obtained for R (in dB) at an incidence angle of 00 • The 
sensitivity of R as a function of volumetric moisture Mv is observed to 
be inversely proportional to clay content. Since the radar backscatter 
coefficient dO and the normalized antenna temperature are proportional to 
Rand ( 1 - R ) respectively, it is apparent that the sensitivity of active 
and passive microwave sensor response to Mv' should also be inversely related 
to percent clay content of soil. Furthermore, if it ;s assumed that the 
dielectric constant is a function of tension and independent of soil texture 
as shown in Figure 2.24, then it follows that R will also be texture 
independent as a function of tension (Figure 2.28). Moreover, expressed 
in dB, R appears to be linearly related to the logarithm of tension 
(Figure 2.29). 
Experimental verification of the relationship postulated by Figure 
2.29 cannot be derived directly from prior passive or active microwave soil 
moisture experiments because soil tension was not measured as a part of the 
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"ground truth". However, support for the above does come from the use of 
a normalized moisture Mn defined as: 
where: 
Mn = 100Mv/My(1/3 bar tension) 
M = volumetric moisture, 9/cm3 y 
Mv(1/3 bar tension) = Mv at 1/3 bar tension 
(2.29) 
Passive microwave experiments near Phoenix, Arizona using a 21 and 1.55 
COl airborne radiometer showed that the sensitivity of brightness 
temperature to Mv was inversely proportional to clay content as 
demonstrated in Figure 2.30 (Schmugge, 1976a, b). It was found that 
conversion of gravimetric moisture Mg to normalized moisture Mn produced 
a relatively texture independent relationship. Percent of field 
capacity was estimated by Schmugge (1976a) from gravimetric moisture 
Mg by: 
MFC = 100 x Mg/FC (2.30) 
where: 
and, 
FC = estimated field capacity or Mg at 1/3 bar tension 
Fe = 25.1 - 0.21 (% sand) + 0.22 (% clay) (2.31) 
While equation 2.31 is only one of many different empirical relation-
ships (Table 2.11) derived to relate moisture at a given tension to soil 
texture, they all produce similar values of FC and the semantic ambiguity 
of "field capacity" as defined by an estimate of any laboratory determined 
water retention is overshadowed by the significance of the texture 
independent relationship displayed in Figure 2.31. The findings of Schmugge 
(1976a, b) offer additional support to the previously postulated dependence . 
of Kr on soil tension since the data from Figures 2.27 to 2.29 also exhibit 
a linear dependence of R(dS) on Mn (Figure 2.32). 
The above relationship is further supported by results derived from 
a series of truck-mounted radar investigations of s011 moisture for both 
bare and vegetation covered test fields. In a comparison of non-vegetated 
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TABLE 2. ',1 
Estimation of Field Capacity and Wilting Point from Soil 
Texture and Other Commonly Measured Soil Variables 
Definitions: Field Capacity = FC = moisture at 1/3 bar tension 
Wilting Point = WP = moisture at 15 bars tension 
Available. Water Capacity I: FC-WP = water available 
to plants 
Textural classes are based on USDA 1951 classification. 
I. Salter & Williams (National Vegetable Research St~tion, Britain) 
AWC (cm/cm) = 22.32 - 0.132 (% coarse sand) + 0.216 (% silt) 
Mean F.rror of Estimate = +10.0% 
Regression is based on 27 different soil textures from soils 
analyzed by the authors. 
II. Schmu9ge, et ai. (NASA TN 0-8321) 
WP (%) = 7.2 - 0.07 (% sand) + 0.24 (% clay) Multiple R = 0.945 
FC (%) = 25.1 - 0.21 (% sand) + 0.22 (% clay) Multiple R = 0.904 
Regressions are based on 111 cases of 37 independent soil textures 
from soils near Phoenix, Arizona and the Rio Grande Valley in 
Texas~ The soil data is derived from local Soil Conservation 
Service reports. 
III. Dobson & Ulaby 
WP (%) = 4.80 + 2.47 (% organic carbon) + 0.24 (% clay) Multiple R = 0.8 
Standard Error of Estimate = 3.66 
FC (%) = 35.29 + 3.74 (X organic carbon) - 0.30 (% sand) - 0.15 (% silt) 
Multiple R = 0.80 
Standard Error of Estimate = 6.31 
Regressions are based on the surface horizon of 190 indnpendent 
soil types from the Soil Conservation Service Laboratorj Reports 
IV. Brasher, Flach and Nettleton 
Fe (%) = 0.467 (% clay) + 0.356 (% fine silt) - 17.36 (bulk density 
at oven drying) + 0.039 (~oil depth in cm) 
Multiple R = .842 
Standard Error of Estimate = 5.7 
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r 
soi 1 t'esul ts from 44 observa ti ons of ~1i 11 er c1 ay and 80 observati ons 
of Eudora silt loam, it is evident that the sensitivity of aO at C-band 
to Mv is dependent upon soil texture (Figure 2.33a) while conversion of 
Mv to MFC by use of Equation (2.29) produces the texture independent 
relationship (Figure 2.33b) found by Batlivala and Ulaby (1977). Further" 
more, the value of MFC is substantiated for aO response to soil moisture 
under a variety of vegetation canopies including corn, soybeans, grain 
sorghum and ,-,heat over an enti rc grow; 09 season from a flood p1 a in test 
site encompassing soils ranging from sandy loam to silty clay (Ulaby, 
at a1., 1979). Figure 2.34 is a scatter plot of aO at 4.25 GHz t HH 
polarization and 100 incidence angle as a function of MFC in the 0-5 em 
soil layer; correlation coefficient is found to be 0.917. A comparison 
of the linear' reg\~ession fits of aO to individual crops for moisture 
expressed gravimetrically (Figure 2.35a) and as a percent of field 
capacity MFC (Figure 2.35b) shows a significant improvement in the 
combined correlation coefficient from 0.82 to 0.92 when MFC is employed 
as the soil moisture descriptor. Furthermore, the above result is not 
unique to a specific depth interval over which soii moisture is averaged; 
MFC is demonstrably superior to either gravimetric or volumetric 
mo;stur~ over any d~pth interval considered (Figure 2.36). 
&hL.J~lLBARE SOIL EXPERIMENT 
An experiment was conducted from August 4 to October 21, 1977 using 
the ty'uck-mounted University of Kansas .t1icrowave Active ,§.pectrometer (MAS) 
1-8 GHz system on test fields located in the Kansas and Hakarusa River 
floodplains east of Lawrence, Kansas. Measurements acquired during the 
experiment are summarized in Table 3.1. The ~'AS 1-8 system is a calibrated 
FM-CW Radar which operated during the experiment at 8 frequencies between 
1.2 and 7.6 GHz at all three linear polarization configurations and at 
incidence angles of 10, 15 and 20 0 (Table 3.2). The system is fully 
described in Brunfe1dt, et al (1979) and Ulaby, et a1 (1979); its 
calibration and accuracy are described in Stiles, et al., (1979). The 
selection of the incidence angle e to be in the 10~200 range was based 
upon the optimum radar soil 010; sture sensor parameters recommended by 
75 
_ -.* ..... 
.. It~· --... -------------..",-..-. ------,.~~-~--~L- " 
• 
• • 
• ,.
5 
o 
C -5 
Q) 
"0 
-Q:; 
o 
U 
go -10 
".:: 
~ 
-co u 
Vl 
-15 
Frequency (GHz): 
Angle of Incidence (Degrees): 
Polarization: 
Sensitivity (dB/D. 01 gfcm3): 
Soil Type: 
r=.819 
1~74 1975 
4.75 4.25 
10 10 
HH HH 
.22 .33 
Clay Silt loam 
-20 L-..<..-....I-......a..---1..---"_L--.L-...L--.L-.....I 
O. 0 O. 1 O. 2 O. 3 O. 4 O. S 
Soil Moisture Content Mv(g/cm3) 
(a) 
5 
o 
r=.853 
1974 
Frequency (GHll: 4.75 
Angle of Incidence (Degrees): 10 
Polarization: HH 
Sensitivity (dBll~ FC) .095 -15 
Soil Type: Clay 
Field Capacity (gfcm3) .416 
-~~~~~~~~~~~--~~ 
o 20 40 60 80 100 120 140 160 
Percent of Field Capacity Mrc 
(bl 
. 
1975 
4.25 
10 
HH 
.100 
Silt loam 
.295 
F~gure 2.33. Comparison of regression results of 1974 a!ld 1975 bare soil experiments with moisture 
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Soybean and Wheat Data Sets Combined. (Adopted from Ulaby, 
etal.,1979b) 
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TABLE S.l 
1977 Bare Sol1 Expel'inent Data Acquisition Summary 
Augus t 4 - October 21 
88 data sets 
4 soil types (Field capacity range 12~ - 35%) 
All four test fields had approximately the same surface roughness 
lli12.!:: 
Heasured characteristic 
Backscatter coefficient (aO) 
frequency 
range 
1-8 GHz 
Target: 
soil 
; nterva 1 s 
Measured characteristi m~asured 
1. PI'ecipHnti on 
2. Temperature 
3. Relative humidity 
4. Soil moisture 0-1 & 1-2 em 
2-5, 5-9 & 
9-15 cm 
5. Soil conductivity 0-1, 1-2 & 
2-5 cm 
6. Soil bulk density full profil e 
7. Soil texture full profil e 
8. Organic matter full profi 1 e 
9. Soil \'later retention full profil e 
cha racteri s tics 
10. Surface slope 
11. Surface roughness 
angula r 
range 
10°, 15°, 20° 
polarizattion 
HI!. VV. HV 
number of frequency 
sampling of 
location measurement 
4 continuous 
1 continuous 
continuous 
8 per field once per data set 
4 per field once per data set 
continuously during 
a radar data set 
8 at least 3 times 
per field 
8 once per field 
8 once per field 
1 once per field 
once per field 
once per measure-
ment day 
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TAI3U~ 3.2 
1977 t1AS 1 .. 8 System Speci fi cations 
2lillform.MUQlilltt.L 26 meters 
.~!,ltel}I!it~..!. 
Dishes: 1.22 meter parabolic 
Feeds: Dual Pol arized log periodic 
Polarizations: HH HV VV (transmit, receive) 
Incidence Angle: 10, 15, 20 
--.,.".- """"""~ .... "" ... -"-~·,,,,u,,,·,,, 
Sampl as a i_~p.£!L~!lgJ e: 20 
Radar'! 
Type: FH-CU 
Modulation: Triangular 
Center Frequencies: 1.225, 1.625, 2.385, 3.291~ 
(GHz) 4.625, 5.625, 6.625, 7.625 
Frequency Sweep: 250 MHz 
Intermediate Frequency: 50 kHz 
IF Bandwidth: 20 kHz 
Transmitter power: +15 dbm 
Ca 1 i bra ti on : 
Internal: Delay line 
External: Luneberg lens 
For details see Brunfeldt, et a1. (l970) 
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Batlivala and U1aby (1977) and Ulaby and Batl;vala (1977). The scope, 
duration, test site, data acquisition procedures and data products of 
the 1977 Bare Soil Experiment are fully documented in Dobson (1979). 
3.1 Experiment Description 
The purpose of the 1977 Bare Soil Experiment was to verify that the 
1-8 6Hz radar response to gravimetric and volumetric soil moisture is 
depencient upon soil texture and provide a comprehensive data base capabla 
of producing more versatile soil moisture estimation algorithms that 
minimize the error component related to soil texture. 
Prior research has established the following list of target parameters 
as having Pl"obable significance in determining the 1-8 6Hz radar bac~­
scattering characteristics of the soil surface: 
a) soil moisture 
b) soil surface roughness 
1. surface gradient relative to incidence angle of sensor 
2. macroroughness as defined by the periodic ridge-fur-row 
patterns induced by agricultural implements 
3. microroughness as defined by the size distribution of 
surface aggregates such as clods and soil peds 
c) soil bulk density 
d) soil composition 
1. texture as defined by the particle size distribution 
of the soil mineral fraction 
2. organic l'latter contel:~ 
3. soil salinitv 
e) vegetation canopy 
1. type 
2. height 
3. density of biomass 
4. moisture content 
5. plant geometry 
The success of the experiment in regard to stated purpose ~as 
predicated upon the selection of test fields w~ich were internally homo-
geneous and similar with respect to all target parameters, except soil 
texture and soil moisture, for the duration of the experiment. Test 
fields were selected and groomed such that they:' 
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1) were devoid of a vegetation canopy, 
2) had surface gradients of less than .5%, 
3) were s~ooth with respect to macroroughness, ~nd 
4) had similar microroughness. 
These field conditions wet'e attained by repeated ~;sking of each field 
follo\'1ed by a one to thl'ee week stab;l ization period prim' to radar 
observation during which time events of saturating rain and strong wind 
fw'ther smoothed the soil surface and acted to stabi 1 ize the soi 1 structure 
of the distUl'bed sUI'face layer. Table 3.3 sUlIlmarizes the initial field 
pt'epat~at;ons \lnd final microroughness (quantified as root mean square 
height). 
TABLE 3.3 
Fi el d Prepal'at1ons for 1977 Bare So; 1 Experiment 
PI'epi1l'u t; on Number of Date of Fi nal RMS 
Field Date Times Oisked 1st observation Height (em) 
"" __ """'_~""~_J_. ~"", .... .-.... ,~'--' _ .. ;;<.-.-.. _____ --~ 
#1 7/23/77 4 8/4/77 1.3 
#2 7/23/77 8 8/15/77 0.8 
ff3 8/20/77 9 9/3/77 1.0 
#4 7/23/77 11 8/15/77 0.7 
.. "~~".--~-. -~.~-
The microroughness of fields observed during the 1977 Bare Soil 
Experiment compare with only the smoothest of bare soil fields previously 
examined by the NAS 1-8 system ;n 1974 and 1975 (Table 3.4). 
Fields of sandy loam, silty clay loam and silty clay \'Jere examined 
over a broad range of moisture conditions. Importantly, test fields for 
each soil texture were found to be internally homogeneous with respect 
to soil texture and bulk density and will be discussed in more detail 
in the following sectioQ. 
03 
1 
, 
I 
. __ ... j 
l 
. 
1"-
TABLE 3.4 
Comparison of ~~an RMS Heights for Test Fields 
for 1974, 1975 and 1977 Bare Soil Experiments 
Fiel d 
Year Designation Mean R~'S Hei ght (cm) 
1974 R 4.3 
M 2.6 
S 0.88 
1975 1 4.1 
2 2.2 
3 3.0 
4 1.8 
5 1.1 
1977 1 1. 32 
2 0.79 
3 1. 03 
4 0.70 
The experiment was conducted during an abnormally wet fall and 
resulted in surface soil moisture conditions skewed toward conditions 
wetter than those found during either the 1974 or the 1975 experiments 
(Bat1iva1a and Cihlar, 1975; Batlivala and Dobson, 1976). Table 3.5 
shows the mean gravimetric soil moistures from each of the three experi-
ments and their associated standard deviations. The prevalence of wet 
conditions during the MAS 1-8 1977 experiment signifies that it will 
augment the moisture range of the combined 1974 and 1975 bare soil data 
base in the derivation of soil moisture algorithms. The larger standard 
deviation about the mean 1977 moistures reflects the variety of textures 
included in the experiment in contrast to the single textures examined 
in both the 1974 and 1975 experiments. 
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TABLE 3.5 
r~ean Gravimetric '·10i sture Conditions for the 
1974, 1975 and 1977 Bare Soil Experiments 
YEAR 
1974 1975 1977 
Depth (cm) Mean S.D. Mean S.D. Mean S.D. 
-
0-1 13.53 7.63 16.18 8.37 21.85 13.25 
0-2 15.74 6,86 18.19 5.63 24.98 11.91 
0-5 19.3:3 5.70 19.97 3.88 29.23 10.67 
0-9 20.20 5.23 20.44 2.78 31.02 9.88 
0-15 21.10 4.65 20.41 2.27 30.88 9.06 
Number of 
Textures 1 1 3 
Number of 
Data Sets 44 80 88 
3.2 Target Characteristics and Homogeneity 
t4 
Extensive measurements of soil texture, bulk density and surface 
roughness were made during the experiment to establish the homogeneity 
of these parameters within each test field. The data acquisition procedures 
and results are fully treated in Dobson (1979) and \'1i11 only be sUl11llarized 
in the following sections. 
3.2.1 Soil texture 
A total of 28 samples were collected from each test field at the 
soil moisture sampling locations and depths indicated on Figure 3.1. Soil 
textural separates were defined by the hydrometer method and organic matter' 
determinations \vere made using a variant of the \'Ja1k1ey-B1ack method of 
oxidation with chromic acid.(A11ison, 1965). The values of organic matter 
content are estimated a~ 1.724 times the organic carbon content. A 
summa ry of the mean 0-15 cm so; 1 textU)"e and organi c matter content from 
each field is given in Table 3.6 
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Figure 3.1 1977 Bare Soil Moisture Experiment: Field Layout and Sampling Grid 
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TABLE 3.6 
Surrmary of Organic Hatter Content and Soil Texture of Test Fields 
0-15 cm ~lean 0-15 em Bean Soil Texture • 
Organic Matter Content 
(% by weight of dry soil) % Sand • % Silt % Clay Soil Textural Class 
0.7 55.0 42.2 2.8 Sandy loam 
3.1 9.1 53.9 37.0 Silty day loam 
3.9 11.5 52.2 36.2 Silty clay loam 
3.8 9.0 45.1 45.8 Silty clay 
"S .. t 
. 
. 
_"_C _____________ --_______ • __ ----___ ~ ____ - ... , 
Within each field. the textural separates within each of the sampled 
layers (0 .. 1, 1-2, 2-5,5-9 and 9-15 em) were treaf;,:d as a sample population. 
The sample means and standard deviations are pr'i:l:lunted in Table 3.7. An 
indication of textural homogeneity within a field is given by the low 
standard deviation about the sample means \~hich is tYPlcal1y less than 3~ 
with the notable e)'ception of the top one em layer of field 2 where the 
standard deviations exceed 6%. 
Skewness shows the degree to whieh a distribution approximates a 
normal curve since it measures devi ations from symmetry. The ske\~ness 
. 
of a normal distribution is zero, while a positive or negative skewness 
indicates that cases are clustered below or above the mean respectively. 
Kurtosis measure$ the relative peakedness of the curve defined by the 
distribution of cases. The kUrtosis of a nOt'mal distribution is zero, 
while a positive or negative kurtosis indicates that the distribution 
is more peaked or flatter th~.rl a normal distribution. Calculation of 
the skewness and kurtosis of all textural sample distributions indicates 
approximately normal but flatter distributions,- In only one case, 
field 1, 1-2 em clay, js kurtosis found to exceed O. Values fall within 
the following ranges: 
-0.737 ~ skewness ~ 1.268 and 
-2.428 ~ kurtosis ~ .301 
The above fi ndings a)"e consistent with an assumpti on of fi el d homogene'i ty 
with respect to soil texture with the exception of the surface layer of 
field 2 where .considerable variance was observed over short distances 
especially for sand and clay fractions (up to 14% change between adjacent 
sample locations in Figure 3.1). 
Fields 2 and 3 have very similar mean textures; both are silty 
clay loams by the USDA classification. This conclusion is supported 
by t-tests run between the field sample distributions for each.~depth 
interval. The validity of the t-tests is based upon assumptions that 
the sample distributions are both normally distributed and have equal 
variances. The first assumption is validated by the skewness and kurtosis 
measurements of each sample distribution, and the validiJ~ of the second 
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TABLE 3.7 
Mftan Sotl Texture at Each Depth 
II. Field 1 
, DEPTH (eM) ~ sAND % SILT " CL,W t MEAt! S.D. MEAN S.D. MEAN S.D. 
0-1 55.00 2.56 43.00 2.20 2.00 1.20 
1-2 55.38 3.31 41.38 3.23 2.15 , .67 
2-5 56.00 1.13 41.75 1.89 2.25 0.50 
5-9 53.50 2.58 43.00 3.31 3.50 2.16 
9·15 55.50 1.15 41.75 1.26 2.75 O.SS 
0·15 55.03 42.18 2.80 
~Iefghted Mean 
b. Field 2 
DEPTH (CM) % SAND % SILT % CLAY 
MEAN S.D. I-lEAN S.D • MEMl S.D. 
0-1 11.26 6.14 . 55.53 6.84 33.25 6.14 
1-2 10.48 2.45 56.28 3.23 33.25 2.78 
2-S 9.68 2.71 54.43 4.313 35.90 1.73 
5-9 9.78 0.51 65.25 1.26 34.98 1.67 
9·15 7.71 3.25 52.11 5.16 40.21 4.35 
0-15 9.08 53.92 37.02 
Wef9h-ted N~an 
c. Field 3 
DEPTH (CI1) % SAND % SILT \'; CLAY 
I~EAN S.D. MEAtI S.D. NEAll S.D. 
D·} 10.87 1.93 53.33 2.03 35.75 1.68 
1·2 11.92 1.31 51.16 0.65 36.90 1.15 
2-5 12.95 1.00 52.53 3.88 34.50 3.34 
5~9 11.15 1.9? 52.70 3.85 36.15 2.35 
9-15 11.11 1.93 51.79 2.72 37.11 3.80 
0-15 11.53 52.24 36.23 
lie i gh ted MCan 
d. Field 4 
DEPTH (CM) % SAND % SILT % CLAY 
MEAN S.D. t1EAN S.D. MEAN S.D. 
0~1 O.B7 2.71 46.90 4.67 44.21 4.50 
1-2 8.31 2.11 46.31 2.33 45.36 1.99 
2-5 10.42 2.05 46.31 5.66 43.27 5.14 
5-9 9.70 2.57 42.35 2.79 47.93 5.14 
9-15 B.OG 2.22 45.88 3.74 46.05 4.50 
0-15 9.04 45.12 45.83 
Hei!lhted Mean 
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assumption \'/as checked using variance ratio or F-tests. F-tests rC!jected 
the hypothesis of equal variance in 40% of the between field comparisons 
at a 0.10 significance level where in excess of 60% of the rejections 
involved field 2 which tended to have a higher variance. The results 
of the t .. tests are sununarized in Table 3.8 for the top ern and the 0-15 
em layer; other depth intervals do not deviate significantly from these 
results. 
In sUlOOlary, all fields except field 2 were found to be internally 
homogeneous with respect to soil texture and fields 2 and 3 were found to 
represent the same textural population. Cumulative plots of the particle 
size distribution from a representative sarple of each fie1d are shown in 
Figure 3.2 and are sunnarized as a histogram in Figure 3.3. In addition, 
all fields were found to have comparable organic matter contents of less 
than 4.0% by \'1eight. 
3.2.2 Surface Roughness 
A total of 116 roughness profiles were obtained from the four test 
fields using a five foot aluminum panel. A subset of 24 profiles were 
digitized along the transects at a maximal spacing of 0.15 cm. The 
profiles were chosen to represent the initial, median and final roughness 
conditions of each field both parallel and perpendicular to the radar 
look direction. Plots of the initial roughness conditions are shown in 
Figure 3.4. The root mean square variations in surface height of all 
digitized profiles are given in Table 3.9. These measurements confirm 
the field observation that all fields became increasingly smooth as a 
function of time, especially fields 2 and 3. The comparatively large 
RMS roughness of field 1 is primarily the result of residual small scale 
macroroughness produced by disking while the persisten .... comparatively 
small RMS roughness of fi~ld 4 was due to the presence of surface crumbs 
and small aggregates which proved to be very cohesive and resistant to 
crumbling. The marked change in the roughness of fields 2 and 3 as a 
function of time is largely due to their intermediate textural composition 
(compared to fields 1 and 4); initial clods and aggregates poss:ssed only 
weak structure and thus disintegrated with time. 
Analysis of the radar data assumes that the mean surface roughness 
of all fields are equivalent. This assumption was tested with t-tests and 
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TABLE 3.8 
Results of t-tests of Soil Textural Distributions 
Between Fields. Two-tailed Test, Leval of Significance = 0.01 
Depth Textural Fields which cannot be rejected 
Interval Separate as havi ng unequal mean textures. 
0-1 em sand 2, 3, 4 
si1 t 2, 3 
clay 2, 3 
0-15 COl sand 2, 3, 4 
silt 2, 3 
clay 2, 3 
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Figure 3.4 
Initial Soil Roughness Conditions on Bare Soil 1977 Fields 1 to 4. 
Plots of Detrencfed Soil Su rfaee vs. Su rface Height. Transects are 
Parallel to Radar Look Di reetion. 
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Direction of Transect I 
(Relative to radar Parallel 
look direction) .. 
DATE: 8/15 1.66 
B/22 
9/2 1.15 
9/3 
9/6 
9/20 1.17 
9/24 
9/28 
9/30 
'-lEAN 1.32 
Tt\£:!.E 3.!ll 
1971 Bare S~i1 RIIS Surface Roughness (em) 
1 2 3 4 
Perpendicular Parallel Perpendicular Parallel Perpendicular Parallel Perpendicular 
1.33 1.49 0.94 0.72 0.60 
0.42 0.61! 
0.85 
1.75 2.06 
0.68 0.97 
1.04 
0.52 0.79 
0.47 0.55 
0.83 1.10 0.69 0.33 
1.07 0.79 0.70 1.03 1.32 0.70 0.63 
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variance ratio tests. The variance ratio test results indicated that the 
variances about the four field means could not be corls;dered unequal at 
the 0.1 level of significance. T\'1o-tailed t .. tests of the sample means at 
the 0.01 significance level indicated a high probability that only fiel\is 
1 and 4 are di fferent with t'espect to RMS height, all othe)' fiel d pai rs 
\Vere found to be similar at the stated significance level. 
Inspection of the mean values shown in Table 3.9 indicates that. on 
the basi s of Rt1S sUl~face roughness, the four test fields cl uster into two 
g.'oups: 
a) fields 1 and 3 with a net mean RMS height in all look directions 
of 1. 19 elll, and 
b) fields 2 and 4 \Vith a net Illean RMS height in all look directions 
of 0.71 cm. 
~.2.3 Soil Bulk Density 
Soil bulk density is not easily measured for the thin soil layers 
sampled dut'ing the bare soil experiment. Because of the time involved 
in the careful extraction and delicate handling of an accU}~ate bulk density 
sample, adequate bulk density sampling was adjudged to consist of a minimum 
of three samples at each arid location and depth shown on Figure 3.1. Bulk 
density samples were taken when field moistUl'e profiles permitted minimal 
soil compaction du\~ing sampling. The drainage characteristics of field 1 
were such that bulk density profiles could be taken in conjunction with 
soil moisture samples during 60% of the data sets, while the other three 
fields could only be sampled for bulk density three to six times dul'ing 
the course of the experiment. Table 3.10 shows the number of bulk density 
samples acquired at each location and depth during the course of the experi~ 
ment. The high pet'centage of clay present in Field 4 and the satm'ated 
soil pt'ofiles con~non to this field made accurate bulk density sampling 
of the surface layers nearly impossible during the experiment and is 
t'esponsible for the low sample size presented in Table 3.10. 
n'IO methods were employed to collect bulk density samples .. The 
standard method was to extract core samples of kno\'J/l volume and then dry 
the son to compute bu1 k density. \~hen the above method pl'oved to be 
unacceptable due to soil cOl1lpnction by the coring tool, bulk density ViaS 
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TABLE 3.10 
Number of Bul k Density-Samples 
Collected at Each Sample Grid Location 
Field Depth Locations (em) • 1 2 3 4 5 6 7 8 Total 
1 0-1 14 14 14 13 12 15 14 13 109 
1-2 15 14 14 13 13 15 14 13 111 
2-5 15 14 14 14 57 
5-9 12 10 9 11 42 
9-15 11 10 9 11 41 
2 . 0-1 5 5 5 5 4 5 4 3 36 
1-2 5 5 6 6 5 6 3 2 38 
2-5 9 8 8 7 32 
5-9 6 6 5 4 21 
9-15 7 6 5 5 23 
3 0-1 3 4 5 4 3 3 3 3 28 
1-2 3 4 5 4 3 3 3 3 28 
2-5 5 5 6 6 22 
5-9 4 6 5 5 20 
9-15 4 6 5 5 20 
4 0-1 1 1 2 1 1 1 2 1 10 
1-2 1 2 1 1 1 1 2 1 10 
2-5 3 1 3 7 
5-9 7 4 5 8 24 
9-15 7* 5 5 8 25 
I' 
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determined from the liquid volume displacement of saran coated soil clods 
extracted from the locations and depths given in Figure 3.1. 
A sumnlary of the depth weighted mean bulk densities of each field is 
presented in Table 3.lla. The standard deviation associated \'1ith each of 
these field means ;s given in Table 3.11b. These statistics are derived 
from the distribution of the menn bulk densities at each location within 
a fie1d. 
Initial analysis of the above bu1k density data indicates that the 
four test fields are relatively homogeneous. These results validate the 
assumption that the soil fabric of the individual test fields had stabilized 
prior to the beginning of the experiment. The actual density values of 
each field are highly deperdent upon 50f1 texture) and hence, a low intra-
field variance in bulk density supports the contention of low intrafield 
variance in $oil texture. 
However, a more complex picture emerges when consideration ;s given 
to the distribution of all samples given in Table 3.10 for a particular 
field and depth. Table 3.12 presents the sample distributions of bulk 
density ;n the 1-2 cm layer of fields 1 and 2. ~he tendency toward a 
bimodal distribution of density as seen in Table 3.12b for field 2 ;s 
typical of fields 2, 3 and 4. The characteristics of all such sample 
distributions are summarized by statistics for th.e mean density, 90% 
confidence interval, skewness and kurtosis given in Table 3.13~ The 
large 90% confidence interval around the mean, commonly .2 to .3 9/cm3, 
is due to the combined effects of sampling error, locational variance, 
density changes in the surface layer associated with the development of 
soil structure through time and the functional dependence of density 
on moisture in fields with a high clay content such as fields 2, 3 or 
4. The values of ske\'1ness and kurtosis indicate that densities are 
normally distributed about the means and the distributions are generally 
less peaked thana normal distribution; this is due primarily to the 
fact that, \vith the exception of field 1, density was sampl ed over a very 
small range of gravimetric moisture especially in the surface layers. The 
negative values of skewness obtained primarily for the deeper d'~Pth intervals 
of the high clay fields ;s indicative of the correlation beb/een density 
and moisture which was found to be as high as -0.7 for these layers. 
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TABLE 3.11 
Comparison of Mean Bulk Densities from 
Fields 1 to 4 of the 1977 Bare Soil Experiment 
A. Weighted Moan Bulk Density 0-1,0 .. 2, 0-5, 0-9 and 0 ... 15 em 
as computed from measurements at each location • 
. 
. 
Depth Interval Field Designation (em) 1 2 3 4 
0 .. ' 1.43 1.22 1.20 1.30 
0 .. 2 1.42 1.22 1.24 1.34 
0 .. 5 1.27 1.00 1.11 1.17 
0 .. 9 1.32 1.12 1.21 1.27 
0-15 1.43 1.26 1.30 1.33 
,-
B. Standard Deviation of Location Means around the field mean 
bulk density at each depth. 
Depth Interval Field Designation 
(em) 1 2 3 4 
0-1 0.04 0.05 0.04 0.02 
0-2 0.03 0.06 0.05 0.11 
0-5 0.01 0.03 0.04 0.04 
0-9 0.03 0.02 0.02 0.01 
0-15 0.02 0.02 0.01 0.03 
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Mean I: 1.393 
Median • 1. 390 
Mode I: 1. 376 
Maximum Q 1. 749 
Minimum::: 1. 020 
t. 
Variance a 0.021 
St. bev. ::: 0.145 
Skewness = 0.076 
Kurtosis = .. 0.370 
No. of Val ues ::: 111 
Range = O. 729 
1. 2 1. 4 1. 6 l. 8 
Bulk Density (g/cm3) 
(a) Field 1, Sandy Loam 1-2 cm Layer 
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.' 
.: 
~: 
.' 
.' 
!: :: 
-, " 
:: :: 
:. :: 
Mean::: 1.207 
Median I: 1.203 
Mode :; Not Un ique 
Maximum:; 1. 533 
Minimum:; 0.932 
Variance::: 0.030 
St. Dev. :; O. 172 
Skewness:; 0.088 
Kurtosis:::"'1. 289 
No. of Val ues ::: 38 
Range CI 0.601 
o. 8 1. 0 1. 2 1. 4 1. 6 
Bulk Density (g/cm3) 
(b) Field 2, Silty Clay Loam 1-2 cm Layer 
TABLE 3.12 i' 
Sampling Distribution of Bulk Density in the 1-2 em Layer for a) Field 1) 
sandy loam and b) Field 2, silty clay loam. 
?~'GlN~t Pl~~f: F$ 
~ '1,. < • 1 01 ; tirJ/~l\"n'Y 
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~-_ ... _J 
r 
Field 
1 
Z 
. 
3 
4 
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TABLE 3.13 
Skewnes~, Kurtosis and 90% Confidence Limits 
Around Mean Bulk Oensity at Each Dapth Interval 
Mean Depth 
Interval (CM) Density (g/cm3) 90~ Confidence 3 Interval (~/"9/cm ) Skewness 
0-1 1.435 .29 .630 
1-2 1.393 .24 .076 
2-5 1.187 .25 .446 
5-9 1.257 .15 .042 
9-15 1.433 .17 .350 
O-i 1.2i9 .26 I ,in 
1-2 1.207 .28 .087 
2-5 .846 .18 .155 
5-9 1.267 .16. .376 
9 .. 15 1.462 .11 -.049 
0-1 1.209 .30 -.068 
1-2 1.260 .24 .877 
2 .. 5 1.008 .21 .087 
5 .. 9 1.343 .20 -.31B 
9-15 1.439 .14 .157 
0 .. 1 1.291 .19 .154 
1-2 1.348 .27 .220 
2 .. 5 1.053 .23 .138 
5-9 1.370 .18 -.~58 
9-15 1.423 .14 -.570 
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Kurtosis 
.574 
... 370 
.640 
-.626 
-.231 
-.260 
-1. 289 
-.636 
-.421 
-.905 
-.378 
.478 
-.778 
-1. 343 
-.723 
-.945 
-1.806 
.. 1.403 
.446 
.944 
I 
I" 
I, 
j 4441 • 
Since most of the bulk density samp1es for fields 2; 3 and 4 ~/ere 
obtained over a rel atively small range of gravimetric soil moisture, 
posslole ~/hrink ... swelleffects upon bulk density as a function of moisture 
are not accounted fat' by use of a mean field bulk den$ity. Thus J the use 
of a meet.' bulk density as an assumed constant for each field and depth 
interval may introduce a bias into the volumetric moisture values. A 
simple physical model to account for shrink-s\,/ell effects on bulk density 
is presented in Appendix A. 
3.2.4 S011 r~oisture 
So11 sampl es \'Jere extracted from the sampling grid locations shown in 
Figure 3.1 for the determination of gravimetric moisture 149 in conjunction 
with each radar data set. The soils were dried to equilibrium using a 
microwave oven as documented in Dobson, 1979. 
For each data set, a mean moisture and standard deviation about the 
mean were calculated for each depth interval (0-1,1-2, 2 .. 5, 5-9 and 9 .. 15 cm) 
which coul d then be ratioed as the coefficient of variat'lon. These three 
statistiCS are summarized for the 0-1 em layer of each field in Figure 3.5. 
The wide range of surface moisture observed during the experiment was due 
to repeated heavy rainfall incidents (3 in excess of 2 inches) which allowed 
surface soil moisture to vary from the wilting point at 15 bars of tension 
to saturation (in fields 2, 3 and 4). The large standard deviations around 
the mean moisture found predominantly in fields 2, 3 and 4 tended to occur 
shortly after precipitation events during the initial drying stages of 
the surface. Surface variance in soil moisture was heightened by the 
intersection of the water table with the soil surface in fields 2 and 4 
which produced partial flooding \'Jithin topog'l'hphica11y low portions of the 
test fields. A comparison of the 0-1 em mQisture distributions with those 
at the 2-5 and 9-15 cm depths (Figures 3.5, 3.6 and 3.7, respectively)indi-
cates that the large temporal variance in surface moisture approaches a field 
constant as depth increases. Also, the standard deviation of sampled soil 
moisture is observed to decrease with depth. An examination ot:~these 
figures clearly indicates that soil moisture falls into three sample 
popUlations which become more distinct with increasing depth where field 1 
(sandy loam) is driest~ fields 2 and 3 (silty clay loams) are wet and 
field 4 (silty clay) is s1ightly but significahtly wetter. This is to be 
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Figure 3.5 
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l'xpectud ilnd is il function of the dl'ainnge charactel~istics and textural 
composition of ench field. Field 1 dNined I'eadily due to its height above 
a l'ondside dt'ainagp ditch and the high hydraulic conductivity of the sandy 
soil \'Ihi1e fields 2, 3 and 4 had POOl' dl'ainage and high clay contents 
which resulted in greater water retention. 
The soil ll1oistUl~~ histories of each field arc given in Fiout'es 3.0 
to 3. 11 to show gl'aphi cally the change in the 1110; sture profi 1 e of each 
field as a function of time and al'e annotated as to the presence of flooding. 
:~ .. )l~ , !l\] 1,UH} ~'11'. R~~ P~>J.l:",,t·Lof.J1Mh1J::'.P ~ £k 5 c~ttQ.!:. 
l~c radar backscattering coefficient 0° was measured at three angles 
of incidence. aD is plotted as a function of incidence anglp 0 for a range 
of soil lI1oistliJ'(~S at 1.6, 4.6 and 7.6 GHz fm' fie1ds 1 to 4 in Figures 3.12 
to 3.15 l'cspcctively. In genel~ql ~ the rate of decrease in 0° as a function 
of 0 indicates that all of the fields tn'e relatively smooth within the 1-8 
GHz fl'equency I'unge and that all fields have sil11;lal' roughness. The Hay-
leigh c!'Hal'ion, cquution (2.2l), establishes the values fOI' il smooth sur-
face given in Table 3.14 at 1.6,4.6 and 7.6 GHz at 10° and 20° incidence 
angles. FOI' fields with R~1S heights less than these values the soil sur-
face shollld appmll' electromagnetically smooth and exhibit a large dl"op in 
0.0 with illCI'cllsing incidence angle 0, \~hile the aO vs. 0 CUl"ve should be-
come increasingly flat for RMS heights greater than the criterion values in 
Table 3.14. The sensitivity of aO to 0 fm' a given field and moisture 
candi tion tends to decl'case as fl'equency increases especi ally for fi el ds 
1 and 3 whi cll weN~ s 1; ghtly rougher than fi el ds 2 and 4 in terms of R~1S 
height; this is to be expected fl'om the Rayleigh cl'iterion for sUI'face 
roughness. 
Figures 3.12 to 3.15 indicate a clear dependence of aD on soil 
moisture within each field at al, angles and fl'equencies. HO\~evel', as 
soil moisture conditions approach and exceed saturation, there is a 
marked drop of aU to values comparable to those of moderately wet conditions 
(Figm'cs 3.14 and 3.15) especially at 7.6 GHz. Saturation 1l10istul'e ~1g as 
defined by sO'il porosity is app)'oximately 32, 44, 45 and 39% fOI' the 0-1 
em layel' of fields 1 to 4, respectively. This phenomenon can be explained 
as (1 roughness effect; at satlwation the soil appeal'S as a smooth surface 
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Figure 3.8 TEMPORAL SOil MOISTURE FLUX, FIELD l:Sandyloam . 
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TABLE 3.14 
The Rayleigh Criterion for Electromagnetic 
ally Smooth Surfaces. A smooth surface 
has variations relative to a reference 
plane < to the values shown for 1.625, 
4.625 and 7.625 GBz at 10° and 20°. 
Criterion Values (em) 
Frequency (GHz) 10° 200 
1.625 2.35 2.46 
4.625 0.825 0.865 
7.625 0.495 0.519 
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and reflection is more specular, hence the backscattered portion of the 
signal falls more dramatically as e increases. At nadir it is expected 
that (,0 of saturated soil Y/ould be higher than 0 0 of unsaturated soil; 
unfortunately 00 data was not acquired dUring the course of the experiment. 
Other polarization configurations display angular response characteristics 
similar to those shown for HH polarization. 
~Fre9uenc~ ResEonseof Rada~ packscatter 
Radar backscatter was measured at eight center frequencies between 
1 and 8 GHz. The frequency responses of the like polarizations, HH and 
VVJ \~ere found to be almost identical while the response ()f the cross .. 
polarized antenna configuration was difficult to characterize because a 
significant number of the measurements were below the noise floor of the 
system. 
The HH polarized frequency response of 0° is shown in Figures 3,16 
to 3.19 for each field over a range of 0-1 cm moisture conditions. For 
soil moistures below saturation, 0° is observed to increase monotonically 
as a function of frequency if small fluctuations on the order of +/- 1 dB 
due to Signal fading are ignored.' This behavior ~Ias expected based upon 
similar results from data sets a\,quifed in 1974 and 1975 for non-vegetated 
fields of Miller clay and Eudora silt loam respectively using the MAS system. 
0° is observed to be proportional to soil moistures below saturation at 
all frequencies and incidence angles. However, soil moistures above 
saturation (Figures 3.18 and 3.19) produce a drop in 0° relative to wet 
but unsaturated moisture conditions at all frequencies and angles. As 
previously stated, this is felt to be caused by more specular reflection 
from the saturated soil relative to the unsaturated state. Furthermore, 
when moisture conditions approach saturation, 0° is observed to loose 
its monotonic dependence on frequency and tends to oscillate in excess 
of theoretical fading considerations. This non-mo.notonic behavior 
may be a resonance effect dependent upon frequency, i nci dence . 
angle and the soil moisture profile as a function of depth. Additional 
experimentation is necessary to adequately account for this behavior in terms 
of moisture profile shape and moisture layering phenomena i\S they affect 
depth penetration and multiple reflections of the incident beam within 
the 1-8 GHz frequency region. 
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Also, field 2 tended to exhibit highly irregular ftoequency response 
at all intermediate moisture conditions although this is not readily 
I~pparent from examination of Figure 3.17. This was felt to be caused by 
variance in surface moisture, density and texture \'Iithin the field and 
will be treated in Section 3.7. 
3.5 Radar Backscatter Dependence on Gravimetric Soil Moisture 
This section will consider the radar response to gravimetric soil 
moisture within each field separately; other soil moi~tlJre indicators 
such as volumetric moisture, normalized moisture and soil tension will be 
treated in the next chapter. 
In the previous two sections a strong dependence of 0° on soil 
moisture was observed at all frequencies and angles. The linear dependence 
of 0° at 4.6 GHz, 100 incidence angle and HH polarization on gravimetric 
moisture Mg is shown in Figure 3.20. The linear correlation coefficient 
is quite good for fields 1 and 4, .898 and .869, respectively, and also 
for field 3 at moistures below saturation, r = .844. Both fields 3 and 
4 exhibit a leveling or a drop in aO as moisture approaches and exceeds 
saturation; as previously discussed, this is due to an increase in specular 
reflection at extremely high moisture conditions. 
In contrast, field 2 exhibits poor sensor response to mean soil 
moisture with much scatter apparent in the data and a low resultant 
correlation coefficient of approximately 0.4. Because of the similarity 
between fields 2 and 3 in terms of soil texture, both are silty clay 
loams, sensor response was also expected to be similar. Poor sensor 
response to field 2 when compared to the other test fields is relatively 
independent of the sensor parameters (frequency and angle) and of the 
depth interval of 50;1 considered. Table 3.15 presents the linear 
correlation between 0° at 6 frequencies at 10 0 and 20 0 HH polarization 
and the 0-1, 0-2 and 0-5 cm mean gravimetric soil moisture of each field. 
Sensor response to mean moisture in Field 2 is clearly anomalo~s at all 
sensor combinations with correlation ranging between 0.3 and 0,5 whereas 
correlation coefficients of the other fields are typically on the order of 
0.7 to 0.9. It should be noted that saturated conditions are included 
in the sample populations used to derive the correlation matrix given in 
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TABLE 3.15 
Correlation Matrix Between aOf 8 and 0-1, 0-2 and 0-5 cm ,p, 
Mean Gravimetric So;l Moisture for Each FiEld 
Frequency Linear Correlation Coefficient, R 
(GHz) 0-1 cm 0-2 cm 
Field Field 
1 2 3 4 1 2 3 4 1 
2.385 .908 .548 .609 .805 .902 .547 .593 .808 .892 
3.291 .894 .572 .685 .829 .892 .558 .672 .833 .894 
4.625 .898 .411 .674 .876 .896 .390 .659 .871 .902 
5.625 .881 .406 .551 .837 .877 .394 .534 .828 .873 
6.625 .849 .430 .670 .881 .837 .418 .653 .879 .838 
7.625 .836 .514 .742 .771 .825 .499 .732 .744 .828 
2.385 .911 .541 .589 .744 .906 .532 .615 I .746 .902 
3.291 .780 .397 .539 .737 .786 .402 .606 .736 .778 
4.625 .841 .556 .707 .740 .844 .546 .754 .741 .847 
5.625 .813 .430 .549 .828 .805 .426 .595 .821 .797 
6.625 .823 .465 .620 .743 .813 .444 .660 .722 .792 
7.625 .709 .528 .684 .713 .699 .528 .722 .706 .704 
i .0-..-. ____________ ~ ______ ~ ______ _ 
....... ' .... 
0-5 em 
Field 
2 3 4 
.521 .518 .838 
.506 .592 .837 
.370 .621 .854 
.363 .528 .818 
.419 .644 .878 
.488 .720 .736 
.523 .665 .738 
.419 .721 .730 
.545 .804 .718 
.453 .700 .806 
.451 .759 .728 
.568 .815 .707 
,. 
----~--------
Table 3.15 and that the linear correlation of 0° with Mg is slightly 
higher than shown for fields 3 and 4 \'Jhen only nonsaturated moisture 
conditions are included in the analysis. Importantly, the exclusion of 
saturated data from field 2 does not significantly improve correlation 
coefficient. 
3.5.1 Poor sensor response to target inhomogeneity in Field 2 
The anomalously poor sensor response to mean moisture in field 2 
\~as exami ned with res pect to the follow; 09 potential error sources: 
1) failure of MAS system 
2) spatial mismatch of aO and '.19 sampling 3} temporal mismatch of radar and moisture sampling 
4) inadequate quantification of mean moisture due to non-uniform 
field distributions of: 
a) soil moisture 
b) bulk density 
c) soil texture 
Radar error was found to be inadequate to explain poor sensor response 
to moisture in field 2. External calibration of the MAS system with a 
Luneberg lens indicated no significant temporal drift of the system within 
the three month measurement period of the experiment (Dobson, 1979); and 
since all fields were examined throughout the entire period, all fields 
should be equally influenced by any calibration errors. Internal calibration 
of the MAS system \'Ias performed approximately twenty times \'lithin each 
data set by reference to a delay line. Inspection of delay line fluctuatiQns 
indicated that the system was very stable within a data set; the delay 
line readings were typically found to vary by less than 1 dB. 
Analysis of the radar data with respect to the mean of sampled soil 
moistures assumes that the same spatially defined target is sampled 
contemporaneously by both the radar and "ground truth" efforts. Furthermore, 
it must be assumed that measurement errors associated with the radar and 
moisture sampling are random and normally distributed and thus ~ould have 
minimal effect upon the sample means. During a radar data set of typically 
two hours duration the antenna boom was swept in an aZimuthal arc of up to 
135 0 to cover the ground sampling grid shown in Figure 3.1. Since azimuth 
" 
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position was not recorded with the data stream, it was not possible to 
identify data sets where the entire field was not scanned. Partial scanning 
of a field would result in a sampling bias between the radar and moisture 
samples due to a spatial mismatch which would be data set specific. In a 
similar fashion, a sample bias bebJeen radar and "ground truth" data 
could occur when the two sets of target samples were not contemporaneou~ 
thus resulting in a temporal mismatch. 
Soil moisture is a time dependent variable. Moisture in the soil 
surface layer was observed to change by as much as 0,12 g/cm3 in less than 
a 24-hour period during the 1975 Bare Soil Experiment. Temporal change 
in soil moisture can be particularly rapid \'Jhen the soil sUI'face is drying 
under the strong evaporative demands of solar irradiation and wind, 
especially when the soil is coarse textured or devoid of the moderating 
influence of a plant canopy. This temporal dependence of soil moisture 
poses a problem for the MAS system. 
A typi ca 1 f1AS 1-8 GHz data set requi res 2 to 3 hours to coll ect an 
adequate sample size at all Sensor combinations, while acquisition of the 
corresponding "gt'ound truth" may require only 1/2 to 1 hour. Thus, the 
radar data includes a moisture related variation of 2 to 3 hours while the 
corresponding "ground truth" only accounts for a maximum of 1 hour 
temporal moisture variation. 
Three sets of procedures were incorporated in the 1977 data acquisition 
to help all evi ate the uncerta i nty of correspondence betvleen the soil moi sture 
sampled by the radar and that sampled as "ground truth." First, the radar 
data acquisition time was reduced by limiting the number of incidence 
angles to three. Second, ground truth acquisition time was reduced such 
. 
that soil moisture samples would reflect primarily spatial variations 
with minimal temporal variations. The use of additional manpower halved 
the acquisition time for ground truth; a normal ground truth data set did 
not include any sampling for bulk density, \.."hich can be a tedious and 
time-consuming process. And third, the temporal dependence of soil moisture 
, 
was estimated by monitoring soil conductivity vlithin the surface layers 
continuously through a data set. This was accomplished by using a set of 
conductivity probes buried in the soil. 
126' 
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Soil conductivity measurements were made at l5-minute intervals from 
three depth intervals at one location pe~ field (Figure 3.21). The 
monitored depths \'Iere 0-1, 1-2 and 2-5 c:,~·. The resistance probes were 
coated with an abrasion-resistant porous dental plaster, Duroc, to a 
thickness related to the depth interval at which the probes would be inserted. 
The probes were emplaced in a given field shortly after field preparation 
and rem!)1Hed in equilibrium \'Iith the soil, unless vandalized as in the 
case of the probes at field 2, until the termination of the experiment. 
FIgure 3.21 shows the probe placement; probes were oriented either 
horizontally or vertically within the soil in order to average moisture 
over the appropriate depth interval. 
Upon termination of the bare soil experiment, the conductivity probes 
were carefully removed from each field along with a block of the surrounding 
soil. The moisture dependence of the sensors was then calibrated in the 
lab. It should be noted that calibration CUrves are sensor and soil 
specific due to variance in the characteristics of the sensors themselves 
and also the variance beb/een soil types in tetms of hydraulic and salinity 
characteristics. Curtis and Trudgill (1974) offer an excellent review of 
the calibration technique. 
A representative calibration curve is shown in Figure 3.22. Although 
the laboratory calibration procedure was admittedly crude, it was still 
possible to define hysteresis effects on the sensors by the establishment 
of wetting and drying curves. The calibration curves for Field 3 \'Iere 
used to predict soil moisture from the mean conductivity recorded during 
"ground truth" acquisition. These moisture estimates compare very well 
with the mean measured "ground truth" moistures obtained for each data 
set as seen in Figure 3.23. The conductivity probes indicate changes in 
gravimetric 50;1 moisture of as much as 5% over three hour radar data sets 
at mid-day for drying soils. 
An example of short-term moisture flux can be seen in Figure 3.24. 
Two consecutive radar data sets were taken on Field 3; during this time 
the measured "ground truth" indicates that mean soil moisture in the 0-1 em 
layer is fairly constant as a function of time but has an incY'easing spatial 
variance (especially toward drier conditions) while the 2-5 cm layer mean 
is increaSing with an increasing spatial variance. The soil conductivity 
127' 
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Figure 3.21 Placement of Conductivity Probes used to Measure 
Temporal Soil Moisture Response in the 1977 Bare Soil Experiment. 
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estimates of soil moisture, when plotted as a function of time. show that, 
at a given location, soil moisture is changin9 at a near constant rate. 
This change is not apparent from a comparison of the mean 0-1 cm IIground 
truth" rnoistures of the two data sets since the drying of the soil is 
masked by the spatial variance bet\'Jeen the eight sampling locations. 
Due to constraints on time and resources, the other sensors were not 
calibrated with respect to the soils ;n which they were emplaced. The 
initial results however, indicate that this may be a very valuable 
technique to augment other forms of soil moisture sampling. It is highly 
recommended that future experiments include equipment to continuously 
monitor soil conductivity or resistivity; especially in vicw of the fact 
that resistance is proportional to soil matric potentiel and can be 
calibrated to gl'av;metric soil moisture by tensiometric field measurements 
and the laboratory determined desorption characteristics of a given soi1. 
Since the conductivity sensors in field 2 were vandalized, it \'/as 
not possible to compare its temporal variation in soil moisture within 
a data set with that of the other fields as estimated from the te~poral 
change in soil conductivity. However, it is expected that this variance 
would be too small to account for all of the scatter observed in the 
radar response to field 2 (Figure 3.20). 
A much more plausible explanation of the anomalous behavior of field 2 
rests in the assumption that this field had a uniform distribution of 
moisture as sampled by both the radar and the ground sampling grid. If 
the true spatial distribution of target parameters such as texture, bulk 
density and moisture are not homogeneous but have large variance within 
the test field and complex spatial distributions, then the simple 
aV'ithmetic mean moisture may be a very poor descriptor of the true mean 
moisture. The resulting bi'as imbedded in the mean \"ould be compounded by 
any spatial mismatch bet\l/een radar and "ground truth" for a given data set 
and also by any time transient conditions which could change the character 
of surface soil structure. 01:;."1n9 the course of the experiment" field 2 
was subjected to repeated part~al flooding with water standing approximately 
6 em deep over an "Irregular area of 30 to 50%of the test field. This 
produced a slaking of the soil surface in the flooded areas and resulted 
132 
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in a puddled condition which increased soil density and altered the surface 
layer particle size d'istribution thus praducing relatively impermeable 
surface crusts as a func'tion of time. 
The surface layer distributions of soil texture and mean bulk density 
are plotted for each field in Figures 3.25 and 3.26 respectively. The 
spatial variance of soil tp.xture as determined from the eight sampling 
locations is observed to be small for fields 1, 3 and 4 \>lith gentle gradients 
(Figure 3.25). In contrast, field 2 displays high variance and rather 
steep textural gradients which divide the fields into regions composed of 
approximately 9% sand and 35% clay separated by a region of 15% sand and 
291~ cl ay. 
The mean bulk density distributions as plotted in Figure 3.26 for 
the 0-1 cm layer indicate that fields 1 and 3 are uniform compared to field 
2 which shows a distinct progression toward higher mean density Tor the 
portion of the field most subject to flooding and puddling effects. Field 
4 was not plotted because of the small sample size from \<lhich the mean could 
be determined. 
Prior measurements have indicated that both density and texture have 
profound effect on radar response to soil moisture due to the influence of 
these characteristics on the complex dielectric constant of moist soils. 
The within field distributions of mean soil moisture as computed from all 
data sets (Figure 3.27) exhibit spatial patterns which are dominated by 
variance ;n surface elevation and drainage characteristics (Figures 3.28 
to 3.31) and appear to be only weakly controlled by the spatial distributions 
of soil texture and soil bulk density. 
Further analysis of the effects of soil texture on radar backscatter 
response to soil moisture requires that the data input into the analysis 
be from homogeneous test fields with strong sensor response to gravimetpic 
moisture. The erratic nature of the radar response to moisture in field 2 
is not consistent with prior experimental results and the data is therefore 
suspect. The observed non-uniformity of the surface layer of field 2 in 
terms of texture and bu1 k density comb; ned with the compound; ng"effects 
of sample bias due to spatial, and temporal mismatch bet\'/een radar and 
"grollnd truth" is believed to be r,espons;ble for the observed scatter in 
Figure 3.20. In light of the foregoing and the fact that fields 2 and 3 
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are both classified as silty clay loarns, the data from field 2 is not 
required for analysis of soil textural effects. 
4.0 SOIL MOISTURE INDICATOR ANALYSIS 
Thus far, discussion of the data acquired during the 1977 Bare Soil 
Experiment has focus~edon radar response to gravimetric soll moisture. 
The 1 inear correlati on results presented in Table 3.15 show strong 
correlation between radar backscattering coefficient and gravimetric soil 
moisture for homogeneous fields of sandy loam~ silty clay loam and silty 
clay (fields 1,3 and -4 respectively). However, prior experimental results 
as described in chapter 2 clearly point out the fail ure of a gravimetric 
moisture indicator to account for the microwave sensor response to a 
complex scene of mixed soil textures. 
This chapter will discuss the 1977 Bare Soil Experiment results with 
the purpose of isolating those soil moisture indicators \'1hich are 
independent of soil texture in terms of sensor response. The combined 
textural data base of sandy loam, silty clay loam and silty clay fields 
will be used to establish the linear dependence of 0° on gravimetric moisture, 
volumetric moisture, moisture above some transition moisture, normalized 
moisture and 50;1 tension. 
In the experiments analyzed by Schmugge (1976a, b) and Batlivala and Ulaby 
(1977) a,nd. described in Chapter 2, normalized moisture was defined as a 
per~ent of estimated field capacity (equations 2.30 and 2.31). In order 
to avoid the uncertainty of estimating moisture at a given tension as 
some function of other typically measured soil parameters (Table 2.10) 
for the 1977 Bare Soil Experiment, the soil moisture versus tension desorption 
characteristic curve was measured directly, albeit at two points. 
Triplicate core samples of the 0-5, 5-9 and 9-15 em layers of each field 
were submitted to the National Soil Survey Labo,ratory in Lincoln, Nebraska 
for desorption of soil water with pressure extractors. The mean resultant 
values are presented in Table 4.1 far soil tensions of 1/3 bar and 15 
bars which are commonly used to describe the ~/ater retention of soil at 
field capacity and at the wilting point respective1y. The 0-5 em 1/3 
bar gravimetric \>/ater content of the undisturbed core samples was found 
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TABLE 4.1 
Soil ~latel" Retention at 1/3 and 15 Bars Tension by 
Desorption, % Organic Carbon and Soil Bulk Density 
Determined by the National Soil Survey Laboratory, 
USDA Soil Conservation Service and Estimates of 
Hater Retention at 31 Bars and Saturation. 
% Organic 
Depth Carbon Bulk Density (g/cm3) Gravimetric Water Content 
1/3 bar oven dry 1/3 bar J 15 bar air dry Saturation 
::31 bar 
0-5 .38 1.40 1.45 14.6 4.1 1.2 41.0 
5-9 .38 1.37 1.41 14.6 4.1 0.9 34.9 
9-15 .42 1.35 1.41 17.0 4.2 0.9 25.1 
I I 0-5 1.84 1.31 1.55 30.1 13.8 3.6 54.1 
5-9 1.92 1.36 1.60 28.3 18.3 3.3 37.0 
9-15 2.01 1.39 1.62 25.9 19.0 3.3 31.9 
0-5 1.82 1.20 1.55 35.0 21.8 4.4 48.4 
5-9 1.74 1.24 1.65 34.8 23.1 I 4.1 36.2 9-15 2.03 1.26 1.62 32.1 24.2 4.1 33.2 
to vary from 14.6 for sanpy loam to 35.0 for silty clay. Also found 
in Table 4.1 are values of the \'/ater retention of air dry soil which 
approximates the hygr'oscopic coefficient of soil at 31 bars tension and 
the observed gravimetric water retention of the soil when a field was 
saturated and partially flooded. Table 4.2 demonstrates that the 
laboratory values of Table 4.1 are closely approximated by estimation 
algorithms from Table 2.11; the error of the estimate is observed to 
increase with depth below the surface, and Schmugge's approximation is 
generally found to be the more accurate of the two at 1/3 bar and the 
Dobson-Ulaby approximation more accurate at 15 bars tension. 
The measured valu~s of moisture at 1/3 and 15 bars given in Table 4.1 
\'1ere used to define log-linear estimates of tension for [llOistures from dry 
to field saturation. These functions are presented and shown graphically 
in Figures 4.1 to 4.3 for the 0-5, 5-9 and 9 .. 15 cm depth intervals respectively. 
A log-linear function VIas used to estimate soil tension instead of an 
exponential power function as proposed by Clapp and HOt~nberger (1978) because 
of 1) its simplicity, 2) a power function is not necessarily a good 
descr; ptor of the rel ationshi p between mOl sture and tens; on for soil textures 
finer than sandy loams, and 3) there would still persist error due to the 
hysteresis effect between adsorption and desorption curves which could 
not be l~ccurate ly pred; cted (t1ua 1 em and More l-Seytoux, 1978). In spi te 
of its simplicity, the log-linear estimate still compareS favorably with 
the desorption characteristic measured for various soils by Holtan (1968) 
and by Carlisle (1978). Figures 4.4 and 4.5 compare the log-linear 
estimate of tension for the 1977 Bare Soil Experiment sandy loam field 
with measured desorption curves of sands and sandy loams between .01 and 
15 bars. Figures 4.6 and 4.7 compare the 1977 Bare Soil Experiment silty 
clay loam and silty clay fields to measured desorption curves between .1 
and 15 bars. It should be noted that all soils plotted in Figures 4.4 to 
4.7 are from the surface horizon of cultivated fields with bulk densities 
and textures similar to the 1977 Bare Soil Experiment fields. 
Simple log-linear tension estimation algorithms, such as ihe ones 
sho\'1o in Figures 4.1 to 4.3, were used to compute estimates of 5011 tension 
from gravimetric moisture. A more complex model of the moisture-tension 
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TABLE 4.2 
Comparison of Laboratory Determined Water Retention at 1/3 and 15 Bars 
Tension with Empirical Estimation Algorith~s Derived by Sc~~g;e (1976a) 
and Dobson and Ulabjl' 
A = Schmugge's algorithms 
1/3 bar 149 = 25.1 - .21 (: sand) + .22 (X clay) 
15 bar ~~ = 7.2 - .07 {% sand} + .24 (% clay) 
B = Dobson and Ulaby algorithms 
1/3 bar I-1g = 35.29 + 3.74 (% organic carbon) - .30 {~sand], - .15 (% silt) 
15 bar fig = 4.8 + 2.47 (% organic carbon) + .24 (% clay) . 
Laboratory A 
Depth % by t-!eight t Organic Values Values I Estirate Error 
Sand Silt Clay Carbon 1/3 bar 15 bar 1/3 bar 15 bar i 1/3 ~ar 15 bar 
0-5 55.7 42.0 2.3 0.36 14.6 4.1 13.9 3.9 -0.7 -0.2 
5-9 53.5 43.0 3.5 0.43 14.6 4.1 14.5 4.3 0 +0.2 
9-15 55.5 41.7 2.7 o.sa 17.0 4.2 14.0 4.0 -3.0 -0.2 
0-5 ~2.3 52.4 35.2 2.26 30.1 18.8 30.3 14.8 +0.2 -4.0 
5-9 11.1 52.7 36.1 2.24 28.3 18.3 30.7 15.1 +2.1l -3.2 
9-15 11.1 51.8 37.1 2.26 25.9 19.0 30.9 15.3 +5.0 -3.7 
0-5 9.7 46.4 43.9 2.38 35.0 21.8 32.7 11.0 -2.3 -4.8 
5-9 . 9.7 42.3 47.9 2.12 34.B 23.1 33.6 13.0 -1.2 -5.1 
9-15 8.1 45.9 46.0 2.05 32.1 24.2 33.5 17.7 +1.4 -6.5 
Uean 0.2 -3.1 
~-.----.. -,---------.-.------------.-------------------------~------
.. 
B 
'ialues Esticate Error 
1/3 bar 15 bar 1/3 bar 15 bar 
. 
13.6 6.2 -1.0 +2.1 
14.4 6.7 -0.2 +2.6 
13.8 6.4 -3.2 +2.2 
32.2 18.8 +2.1 0 
32.4 19.0 +4.1 +0.7 
32.6 19.3 +6.7 ~.3 
34.2 21.2 -O.S -G.6 
34.0 21.5 -0.3 -1.5 I I 33.7 I ZO.9 +1.6 -~.3 
0.9 I C.3 
r 
Figure 4.1 
1977 BARE SOIL O-Scm WATER RETENTION CHARACTER ISTICS 
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Figure 4.2 
1977 BARE SOIL 5-9cm WATER RETENTION CHARACTERISTICS 
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Figure 4.3 
1977 BARE SOIL 9 ... 15cm WATER RETENTION CHARACTERISTICS 
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Figure 4.4 
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Figure 4.5 
WATER REiENTION OF SANDY LOAM AND FINE SANDY LOAM 
(data from Holtan, 1968). 
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characteristic assumes that all gravimetric moisture is des orbed at 10,000 
bars tension and inputs estimates of the \'1ater retention at 31 bars and 
saturation (0 bars) into the algorithm. 
For purposes of comparison, the prime soil moisture sensor configuration 
of 4 GHz, 10° incidence ang1 a and HH pol arization determined by Batlivala 
and Ulaby (1977) is used throughout most of the following analysis. 
4.1 Gravimetric and VolunJetric Soil Hoist!:'~ 
The 1977 Bare Soil Experiment radar response to gravimetri c :md 
volumetric moistures is sho\'10 in Figures 4.8 and 4.9 for fields of sandy 
loam, silty clay loam and silty clay. The least square-:. linear fits of 
0° with respect to moisture are shovm for each soil texture \'lith 1 ine 
lengths represenLing the range of measured moisture values. Individually, 
the pearson's product moment cOl'relation coefficient between 0 0 and moisture 
is quite high, ranging from =.7 to .9 at all depth intervals (Table 3.15~ 
and irrespective of soil moisture indicator. This emphasizes that for a 
given soil texture, regardless of the depth interva1 considered less than 
0-15 cm, radar backscatter at 4.6 GHz, 100 and HH polarization 1s highly 
dependent upon soil moi sture. The strength of the dependence of (l on the 
soil moisture of a speci fic soil texture, as measured by correlation 
coefficient, compares favorably to the results obtained from the 1974 and 
1975 bare soil experiments (Batlivala and Ulaby, 1977). However, it is 
obvious from Figures 4.8 and 4.9 that the sensitivity of 0° to gravimetric 
and volumetric soil moisture ;s highly dependent upon soil texture. 
Sensitivity is observed to be greatest for the coarse textured sandy loam· 
and l~ast for the fine textured silty clay field; these are precisely the 
findings of Schmugge (1976a, b) and Batlivala and Ulaby (1977). \vhen the 
three soil types are equally represented, the combined regression fits 
(Figures 4.8 and 4.9) have a low slope and poorly predict the observed 
variance between soil textures. The poor correspondence of the combined 
texture algorithm to the texture specific algorithms indicates that the 
correl ati on of CJO with either gravimetri c or vol umetric mo; sture \'Iill be 
low for ground scenes of varied soil texture and will degrade rapidly with 
increasing depth interval. 
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Figure 4.8 
Linear regression fits of radar response to %ravi metric soil mOJstu re 
in the 0-1, 0-2, 0-5 and 0-9 em Layers. (J at 4.625 GHz, 10 I HH. 
. 1977 Bare Soil Experi ment Data for fields of sandy loam, silty clay 
loam and silty clay. 
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Figure 4.9 
linear regression fits of radar response to ~olu metric soil mOJstu re 
in the 0-1, 0-2, 0-5 and 0-9 cm Layers. (1 at 4.625 GHz, 10 , HH. 
1977 Bare Soil Experi ment Data for fields of sandy loam, silty clay 
loam and silty clay. 
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4.2 Normalized Soil Moisture 
In equation 2.29, nonna1ized moisture Mn was defined as a percent of the 
1/3 bar moisture. However, the normalized moisture concept can be broadened 
to examine the effects of the tension at which moisture is normalized. 
Mn = 100 x r1g/MT 
~vhere: Mn = norma li zed moi sture, % 
Mr = Mg at tension, T 
(4.1 ) 
Using the values from Tables 4.1 and 4.2 and the algorithms given in 
Figures 4,,1 to 4.3, MT can be varied as a function of T. At each ~1T the linear 
dependence of aO on Mn can be established and the resulting normalized 
moisture algorithms can be compared to those incorporating gravimetric, 
volumetric and Schrnu9ge's percent of field capacity moisture indicators. 
The 1977 Bare Soil Experiment radar response to soil moisture expl'essed 
as a percent of the 1/3 bar moisture, which approximates field capacity for 
fine-textured soils, is shown in Figure 4.10 for the 0-1,0-2,0-5 and 0-9 em 
depth intervals. Upon inspection, it is immediately evident that dependence 
of sensitivity on soil texture is greatly reduced when compared to gravif11etric 
or volumetric moisture indicators. The I~e/llaining apparent dependence of 
sensitivity on soil texture was found to be statistically insignificant with 
the standard error of regression coefficients typically exceeding the 
difference between the sensitivities of various soil textures. Not surprisingly, 
the correlation between QO and ~~ 1/3 bar moisture for the combined data base 
of all textures considered simultaneously is very high, in excess of 0.8 for 
the 0-1 em layer, and degrades only slightly with increasing depth. 
A direct comparison of linear algorithms using gravimetric and 1/3 bar 
nonnalized moisture indicators is shown graphically in Figures 4.11 to 4.13 
for the 0-1, 0-2 and 0-5 em depths respectively. As expected, the combined 
algorithms incorporating normalized moisture exhibit a d,'amatic improvement 
in correlation coefficieAt. Line lengths of the regression fits indicate 
the range of measured moisture values. In the gl'avimetric moisture plots 
(Figures 4.11a to 4.13a) the levels of nO for the 50, 100 and 150~ of 
1/3 bar moistures are nearly constant for all soil textures. 
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Figu re 4.10 . 
Linear regression fits of radar response W% of 1/3 Bar Moisture in 
the 0-1, 0-2, 0-5 and 0-9 cm Layers. a at 4.625 GHz, 10°, HH. 
Data from 1977 Bare Soil Experi ment for fields of sandy loam, silty 
clay loam and silty clay. 
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Comparison of 0-1 cm moisture algorithms for individual 
and combined soil textures at 4.6 GHz, 10°, HH polarization. 
a) gravimetri c soil moi sture and b) moi sture normalized 
at 1/3 bar. 
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For all three soil textures considered simultaneously and given 
equal weighting, the relationship between correlation coefficient and 
soil depth interval is shown in Figure 4.14 for moisture expressed 
gravimetrically, volumetrically, normalized to 1/3 bar mOisture, 
normalized to 1 bar moisture and percent of field capacity as estimated 
by the hueristic relationship between texture and 1/3 bar moisture 
given by equations (2.30) and (2.31). The correlation with cl of both 
simple moisture indicators decreases rapidly with depth in spite of the 
fact that volumetl'ic moisture shows some impl'ovement over gravimetric 
moisture within the 0-2 em interval. In sharp contrast, all of the 
nonnnlized moisture indicntOl's have correlation coefficients in excess 
of 0.8 for the 0-1 crn interval and correlations exhibit only mild decay 
as a function of increasing depth interval. 
The effect of normalizing JIloistw'c at the 1/3 bar tension on the 
O-N cm moisture sample distributions explain the improved correlation 
coefficient. Histograms of the radar response to the soil for each soil 
texture are shown in Figure 4.15 at 4.6 and 7.6 GHz at all angles of 
incidence measured during the experiment. When the 0° values of all 
textures are considered as one sample population, 0° assumes a normal 
distribution at both frequencies ~nd at all angles. The backscattering 
coefficient was also found to be normally distributed for the entire 
experiment at all other sensor combinations of frequency, polarization 
and angle. Histograms of the mean soil moisture sample populations for 
the 0-1, 0-5 and 0-15 depth intervals are shown in Figure 4,16. As soil 
depth interval increases gravimetric soil moisture assumes a multimodal 
distribution with the sampled mean moistures from each texture defining 
a statistically distinct sampling population, while for moisture expressed 
as a percent of 1/3 bar moisture the total sampling distribution becomes 
increasingly normal about a mean of approximately 95% for the 0-15 em 
layer. Comparing Figures 4.15 and 4.16, the 0° distributions clearly 
display a high correspondence to the distribution of normalized moisture 
even on a field by field basis, 
It can be concluded from the furegoing that Simple descriptors of 
soil water such as nravimetric and volumetric soil moisture, while adequate 
for single texture targets, are insufficient to describe the moisture 
perceived by radar for more complex and realistic targets. Hhen soil 
160 
1 
I 
1 
i 
I 
r-c ------, .. ,--""'P".,....-_·· ----... ,;&=--.... ---.--., 1115 -_ ... _&2"':---1111 
1.0 
0.9 
0.8 
- O. 7 >< 
:E 
~ 
b 
..- 0.6 
c: 
<l.) 
u 
Moisture J ndicator (Mx) ..... -<l.) 0.5 
A Gravimetric, Mg 0 u 
*VoJumetric, Mv c:: 0 
• Mnfor Mt :: 1/3 bar ........ ro 0.4 
aMn for Mt :: 1 bar 
~ 
<l.) 
t.-
o % of Field Capacity, Mfc 
l... 
0 
u 
0.3 
0.2 
O. 1 
o--------____________ ~ __________ ~~ 
1 2 5 9 15 
O-N Depth I nterval (em) 
Fi gure 4. 14. Correlation Coefficient as a Function of Oepth Interval 
J , _ I # 
for aOiat 4.625 GHz, 10°, HH and Mx. Data from 1977 Bare 
iSoil Experiment Fields of Sandy Loam, Silty Clay Loam and 
Si 1 ty C) ay . i 
161 ' 
1 
i 
1 
I 
i 
1 
1 
! 
. 
~ 
~ 
~. 
~ 
Flgure 4.15 Histograms of Radar Backscattering Coefficient frDm FIelds of Sam~y Loam, Silty 
Clay Loam and Silty Clay at 4.625 and 7. 625GHz. HH polarization. lOa, ISo and 
210 
.g 
'05 
~15 
V> 
210 
co 
'::5 
0 
200 -incidence angles. 
4.625 GHz, ISO 
ci 
z -20 0 10 
aO(dS) 
~15 
4.625 GHz. 20° "" !::! 10 
.., 
"";J 
- 5 0 
I 
10 
20 
20 
. 
20 
~15 0 ~ 7.625 GHz, 10 
.;gIG f¥ 
co 
~ 5 
o 
-20 -10 
n Sandy loam 
rl Silty Clay loam 
j Silty Clay 
20 
10 20 
--~--------------------------.-.------------~~~.---------
i 
I 
j 
, 
1" 
FIgure 4.16 HistO'Jrar.;s ut O-i. 0-5 and 0-15 cm Layer Gra'Jimetric Moisture and Percent of 
1/3 bar f,!oisture for fif:lds of Sandy Loam, Smy Clay loam and SIlly Clay. 
Vl (515 r 
Vl 
.510 
rc 
"0 
'-~ Sandy Loam 
.': Silty Clay Loam 
.' Silty Clay 
'0 5 
o OL-~'fll~~d~H~f~~~~~~~~~uc~~~~ 
z 40 80 100 160 200 
0-lcm % of 1/3 bar moisture 
~ 15( 
2 10 
ro 
~ 5 
o 
0-5cm % of 1/3 bar moisture 
v-
a; 15 
Vl 
.510 
rc 
= 
n~ 
u 
.- ~tt 5 ~j;t;~ 
'0 ;,. t~IU~~-iT: ; "n-O OL-~--~~~~~~~~~--~~ 
;z 40 80 100 160 200 
0-15cm % of 1/3 bar moisture 
.L,~.~ ______ -______ ~~ ________________________________ ____ 
i 
\ 
\ 
• 
moisture is normal ized by the percent of field capacity concept, the 
observed soil moisture distribution becomes less dependent upon textural 
effects. Since th!l distributions of 0° in Figure 4.15 are observed to 
be relatively independent of son texture, the concept of soil moisture 
expressed as a percent of field capacity appears to be a good first 
approximation of the quantity of soil water to which radar is responsive. 
Furthermore, the normalized moisture indicators are superior to either 
gravimetric or volumetric moisture at all measured frequencies for 
ground scenes of mixed soil texture (Figure 4.17). 
MT in equation 4.1 was calculated for each soil texture at a range 
of tensions between 0.04 and 31 bars using the simple log-linear func-
tions from Figures 4.1 to 4.3. At each normalizing tension the following 
linear regression model was fit to each soil texture separately and to 
the combined data base: 
(4.2) 
The correlaticn coefficient of the combined texture algorithm as a 
function of the normal izing tension T is presented in Figure 4.18 for 
the 0-1, 0-2 and 0-5 em depth intervals. It is evident that the optimal 
normaliZing tensions, with respect to linear correlation coefficient, 
lie in the region between =0.3 and 2 bars of tension. Outside of this 
range the correlation coefficient is observed to decline, especially 
with increasing soil depth inter~al. It should be noted that the results 
presented in Fi gure 4. 18 are based upon the full range of moi sture con-
ditions present during the experiment and includes data from fields 
which were 10 to 20% covered with sbmding water. 
While Figure 4.18 shows correlation coefficient to maximize at 
approximately 1 bar normalizing tension for all depth intervalS (also 
Figure 4.14), the statistical significance of the apparent improvement 
in correlation coefficient at large depth intervals is not obvious. 
The predominance of high surface soil moistures prevalent throughout 
the experiment suggests that there should be only small contributions to 
aO from moisture at s011 depths greuter than 2 cm belolv the surface. It 
is argued that the high correlations for depth intervals greater than 
0-2 em are the result of the high correlation between O-N cm soil layers 
(Table 4.3). 
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TABLE 4.3 
Correlation Matrix of Soil Moisture 
Expressed as a Percent of 1/3 Bar 
Gravimetric Moisture for O-N cm Depth 
Intervals, 1977 Bare Soil Experiment. 
0-1 0-2 0-5 
1.0 
.9893 1.0 
.9215 .9589 1.0 
0-9 
.8732 .9113 .9758 1.0 
.8517 .8767 .9315 .9762 
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-Algorithm constants and linear cOl'relation coefficients frolll equation 
(4.2) are plotted as a function of normalizing tension MT in Figure 11..19 
for radar response at 4.6 GHz to the 0-1 em moisture of all soil textures 
combined. The sensitivity of 0'0 to Mn of the combined texture algorithm 
(Figure 4.19) is compared to the s()nsitiv;t~f\s computed for each 
independent soil texture in Figure 4.20 as a function of normalizing 
tension. The under prediction of sensitivity by the combined algorithm 
at tensions in excess of 1,5 bars is largely responsible for the decline 
in correlation coefficient when moisture is normalized at tensions greater 
than 1 bar (Figures 4.18 an~ 4.19)~ The exclusion of flooded and 
saturated sail data sets from the combined texture algot~ithm is observed 
to improve correlation coefficient by approximately 0.05 at all 
normalizing tensions (Figure 4.21). 
The empirical results obtained from the 1977 Bare Soil Experiment 
clearly demonstrate the superiority of norPlalized moisture over gravimetric 
and volumetric moisture as texture independent indicators of the soil 
\'Jater observed by radar between 1 and 8 GHz. However, the value of 
mau ._ 
normalized moistm'e to a user community is inhibited by its poor 
interpretability over most of the range of normalizing tensions. Normalized 
moisture is perhaps most meaningful at the 1/3 bar tension \vhere it 
approximates field capacity. Hhen interpreted as a percent of field capacity, 
0% is completely dry, 50% approximates the wilting point of agronomic 
plant species, 100% approximates field capacity of the soil and 150% is 
observed to correspond to complete soil saturation in the field. 
4.3 Transition r40isture Concept 
A transition moisture HT was defi ned ;n Chapter 2 whi ch separates 
the behavior of the dielectric constant of soil into two moisture response 
regions. The volume of soil water adsorbed to the soil particle surfaces 
which is structurally and dielectrically similar to ice is believed to 
be separated from bulk water by the transition moisture (Hang ~nd Schmugge, 
1978). The tightly adsorbed \~ater below the transition moistUl'e should 
be several monomolecular layers thick depending upon the strength of 
the electric double layers. The transition moisture has been observed 
to vary wi ttl soi 1 texture (Hang and Schmugge, 1978)) and is found to be 
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r 
smaller for sandy soils than for clayey soils as predicted by t~\~ double 
layer model and considerations of specific surface. 
The transItion moisture concept was evaluated as a descriptor of 
the radar response to soil moisture by assuming that the bulk water in 
excess of the transition moisture is dielectrically equivalent regard-
less of soil texture. The validity of this assumption should depend 
largely upon the salinities of the bulk soil solutions which the model 
tacitly assumes to be equivalent. In addition, all measured Mv during 
the bare soil experiment is assumed to be in excess of the transition 
moi sture Wr Thus, the pos tul ated model of radar response to r~v can be 
presented graphically as a series of parallel lines, one for each soil 
texture, offset from each other by their respective transition moistures 
and is described by the following equation for Mv in excess of HT: 
where: Ct :: sensitivity 
~ :: intercept of ordinate axis 
F :: dichotomous soil texture variable which can assume 
a value of 1 or 0 
1 :: field 1, sandy loam 
2 = field 2, silty clay loam 
3 l'\. field 3, silty clay loam 
4 :: field 4, silty clay 
Multiple linear regression fits of the above model were computed for 
Mv as corrected for soil shrink-swell effects as described ;n Appendix A 
at 2.4, 4.6 and 7.6 GHz, HH polarization and incidence angles of 10 0 and 
20°. The nlu1tiple correlatl0n coefficients R are between 0.7 and 0.8, 
even when erratic field 2 is included in the analysis (Table 4.4). R is 
observed to increase only slightly \'Jhen field 2 is excluded from analysis. 
These correlations are comparable to those obtained from algorithms using 
normalized soil moisture indicators. 
The regression fits of equation 4.3, at 4.6 GHz, HH polarization are 
shown:in Figures 4.22 and 4.23 for 100 and 20° incidence angles respectively 
172 
1 
1 
, 
.. ' 
~ 
~ 
~ 
~ 
,I 
" 
Test Fields 
Included 
All 
--' 
-.....J 
w 
1, 3, 4 
TABLE 4.4 
Hultiple Correlation Coefficients of Radar Response 
to Volumetric ~10isture in EXlcess of the Transition Moisture 
Frequency Incidence $0;1 Depth Irterva] (em) 
Polarization (GHz) Angle 0-1 0-2 0-5 0-9 
HH 2.4 10 .745 .722 .7152 .702 
20 .732 .721 .754 .740 
4.6 10 .735 .714 .748 e709 
20 .704 .676 .710 .671 
7.6 10 .703 .675 .717 .678 
20 .. 679 .647 .689 .658 
HH 2.4 10 .n4 
20 .734 
4.6 10 .795 
20 .744 
7.6 10 .746 
20 .703 
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Figure 4.22. Multiple linear regression fit of 0-1 em volwnetri,c soil 
moisture in excess of the transition moisture with radar 
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as a function of 0-1 CIll volullletric moisture. The assumptions made in 
pos~ulating the above model make impossible an exact dete}'mination of 
the transition moistures fa}' each soil textlH'e. IImo/ever, the offsets 
of the regression fits along the abscissa indicate the relative differences 
between the transi ti on moi s tlll'es of each soi 1 textul'e. fhese offsets, 
in terms of My, at"e calculated by inverting equation (4.3) unci solving 
for t1v of each soil texture at a constant value of cro. Acco)'ding to 
the model, the relative! differences between these values of Mv should 
be equivalent to the differences bet\~een ~"T for each soil texture. By 
this method, WT of si'lty clay loam and silty clay is calculated to be from 
0.18 to 0.2U g/cm3 gt'eatm' than \oIT of sanely loam deptmding upon sensor f, p and o. 
Values of transition moisture can be converted to an estimate of 
the number of l11onol\101cClllay' ''late)' layers enveloping the soil solids 
given the specific surface and bulk density of the soil. Specific 
surface was not directly measured for the soils examined during the 
1977 Bare Soil Experiment, but can be estimated ft'Olll knm'lledge of tlw 
particle size distribution (Figures 3.2 and 3.3) and the clay mineralogy 
of the field soils. The volumetric moisture in one monolaycr is 
appro;dmated by: 
where: 
(4.4) 
ML ::: yo1umetric lIloistu)"e of soil having one monomolecular 
water layer, g/cm3 
S ::: specific surface of soil, 1112/g 
Pb = soil bulk density, g/cm3 
D\~ = diameter of a water molecule ':j2.76Ao 
Specific sw"face is estimated as the sum of mean specific su)~face values 
of the soil textural separates of sand, silt and clay given in Table 3.6. 
The specific surface of the sand and silt size f'lctions are shown by 
Figure 2.4 to be ~0.01 and 0.1 m2/g respectively. The clay fraction of 
soils in the test site area commonly consist of approximately 50% 
montmorillonite and 30% illite (Dickey, 1979). The rcmaining 20% of 
the clay sized fraction is preSUMed to consist of non-clay minerals 
with a specific surface of approximately 10.0 1112/g. Net specific surface 
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is calculated usina values of the specific surface of various clay 
mine..als from Table 2.8 by: 
and 
\,/IH~re: SM ;: specific surface of montmorillonite ==700 1112/9 
SI ~ specific surfdr"e of illite ~lOO 11\2/g 
(4.6) 
So ::: specific sUl'face of non~clay mincH'als :::10 ,l/9 
Solving equation (4.5) f'\))' S using Sclay ~; 382 1112/9 fI'ol1l equation 
(4.6) yields the specific surface estimates presented in Table 4.5 for 
each soil texture (ignoring the specific surface of the organic soil 
fraction). Using the mean soil bulk densities in the 0-1 cm layer 
the volumetric moisture of one monomolecular water layer ML is com-
puted from equation (4.4) to be 0,004, 0.048 to 0.046 and 0.063 9/cm3 
for sandy loam, silty clay loam and silty clay respectively (Table 
4.5). The above values are ve)'y similm' to the measured ,dr-dry water 
contents of the soil (Table 4.1). Thus, the estimated values of ML 
are closely related to the hygroscopic coefficient at 31 bars of tension. 
If the offsets in volumetric moisture from the linear regression fits 
of 0° to Mv (Figures 4.22 and 4.23) are interpreted as the transition 
moistures \~T' then the ratio WT/ML yields a tightly adsorbed water layer 
on the order of 4 to 6 molecules thick which exhibits dielectric 
properties dissimilar to that of the bulk soil solution. This estimate 
compares favorably to the "'8-9 molecular layers of water estimated to 
be below the transition moisture from dielectric measurements (Wang and 
Schmugge, 1978). Furthermore, the computation of estimated Hr from the 
15 bar water retention of the soils examined during the 1977 Bare Soil 
Expet-iment by equation (2.13) yields values almost identical to those 
obtai,ned from comparison of the multiple lineal' regression fits ·in 
Figures 4.22 and 4.2~. 
4.4 Soil Tension 
The data acquired during the 1977 Bare Soil Experiment was used to 
test the hypothesis that radar response is linearly dependent upon soil 
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TABLE 4.5 
Estimates of Specific Surface and the Volumetric fvioisture of One Monomolecular 
Hater Layer for Each Field Examined During the 1977 Bare Soil Experiment. 
Fie'ld Pb Percent Specific Surface, m
2/g ML 
g/cm3 Sand Silt Clay Sand Silt Clay Total 3 g/cm 
1 1.43 55.0 42.2 2.8 .0055 .0422 10.696 10.7435 
:
00421 
2 1.22 9.1 53.9 37.0 . 00091 .0539 141.34 141.39481 .0476 
3 1.20 11.5 52.2 36.2 .00115 .0522 138.284 138.33735 .0458 
4 1.30 9.0 45.1 ,,45.8 .0009 .0451 174.956 175.002 .0628 
r 
tension. Since soil tension was·not directly measured in the field dUirng 
the acquisition of radar data, values of soi 1 tension were estimated from 
the desorption charactoristics of each field given in Table 4.1 and shown 
in Figures 4.1 to 4.3. The assumption that laboratory defined desorption 
characteristics adequately define the actual soil tension of structurallY 
dynamic field soils is particularly poor for soils of high clay content 
such as silty clay loam and silty clay which cOlTlllonly exhibit large hysteresis 
effects. Thus, the presented results can be considered as a "worst case ll 
approximation which should show dramatic improvement if field tension 
values were available to account for the hyste,'etic dependence of tension 
on some function of moisture history. 
Using the simple log ... linear estimates of soil tension from Figures 
4.1 to 4.3, 0° at 4.6 GHz, 10° and HH polarization is plotted as a function 
of the logarithm of the 0-2 cm layer tension in Figure 4.24. The observed 
scatter in Figure 4.24 is felt to be primarily caused by hysteresis in the 
true moisture-tension characteristics of the fields which is not accounted 
for in the tension estimates used herein and caused by signal fading. 
While the 0-2 cm linear correlation coefficient r for the above sensor 
combination is -0.82 for data sets without partial flooding conditions as 
noted in Figures 3.8 to 3.11, the inclusion of all such data in the 
analysis only decreases r to -0.80. 
A more complex model of the estimated moisture-tension deso"ption 
characteristic is shown in Figure 4.25 for the 0-5 cm layer. The model 
assumes the following: 
1) all water is des(l':)ed at pressures of 10,000 bars (Brady, 1976); 
2) air dry soil moistures from Table 4.1 are equal to the hygroscopic 
coefficient at 31 bars (lahav and Bresler, 1973); 
3) 15 and 1/3 bar moistures are those determined by the National 
Soil Survey Laboratory in Lincoln, Nebraska; 
4) saturation occurs at the values of Mg given in Appendix A'as 
determined by the porosity of each soil, and 
5) tension is not allowed to fall below that at saturation which 
is defined at 0.001 bars for the very porous sandy 'loam and at '0.1 bars 
for silty clay loam and silty clay which are fine textured and have small 
pore diameters. This is necessary because the, logarithm of zero, whe,"e 
saturation truly occurs, is infinite. 
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Linear regression fits of the radar data to the negative logarithms 
of tension as estimated using the above assumptions produce correlation 
coefficients comparable to those obtained using normalized moisture 
indicators. Figure 4.26 shows r to be aoproximately 0.8 and constant as a 
function of depth at 4.6 GHz, 10° and HH polarization. Correlation 
coefficients at other sensor combinations are also siMilar to those for 
the normalized moisture indicators. 
5.0 CONCLUSIONS AND RECOMMENDATIONS 
Analysis of the 1977 Bare Soil Experiment sUbstantiates an effect 
of soil texture on the behavior of soil water at microwave frequencies 
as noted by other investigators in Chapter 2. It has been shown that for 
realistic mixed texture ground scenes the simple soil moisture descriptors 
of total gravimetric or volumetric moisture fail to account for the inter-
field variance observed by radar. Conversely, all moisture ind'icatol~s 
which incorporate the concept of water potential have been shown to 
correlate highly with radar backscatter independent of soil texture. 
5.1 Evaluation and Interpretation of Soil Moisture Indicators 
The electric double layer model and considerations of the energy 
potential of soil water predict that as distance increases from soil 
particle surfaces there is an exponential decay of forces restricting 
the mobil ity of water and the capacity of water to osci 11 ate at mi crowave 
frequenci es . 
Evidence to date suggests substantial changes in the structure of 
water as a function of distance from hydrophilic soil particle surfaces. 
The density of water adsorbed to Na-montmorillonite is known to be far 
greater than that of pure water up to distances of approximately 10 AO 
(Figure 5.1) and its density is less than that of pure water, similar 
to ice, even at graVimetric maistures of 20-30%. Although the transient 
structure of pure liquid water is only poorly understood. it is safe to 
assume that the high density of an absorbed water layer approximately 
3 to 4 molecular layers thick indicates a densely packed and hiqhly 
ordered molecular structure. 
The tension of soil water is also known to decrease exponentially 
with distance from soil particle surfaces. Soil tension has proven 
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itself to be highly interpretable and can be related to a host of soi1-
water-plant relationships. Specific tension values have long been used 
in the literature to define critical points in the hydrodynamic behavior 
and agronomic influence of soil water (Figure 5.2\ 
The volume of son water held at a given totaiHrlter potential is 
soil specific and is determined by the specific sudace of a soil, the 
surface charge density, the concentration and type of soil solutes and 
the bulk structure and pore size distribution within the soil relative 
to a water table. Since surface charge density is known to be within 
the same order of magnitude for most soil mineral CONiJonents, differences 
between soils in the volume of water held at high tensions as thin films 
enveloping soil particles is primarily detel1llined by the specific surface 
of the soil. For most soils Qvidence indicates that the thicknesses of 
these water films, which include adsorbed and solvate water, are 
relatively independent of soil texture when measured 1.1 molecular layers 
of water (Figure 5.3). The volume of additional water which can be 
retained by soils at low tensions is primari'ly limited by the pore size 
distribution of the soil. 
Proceeding from the above and conSidering the soil water potential 
and dielectric constant responsive to an equivalent assemblage of forces 
existent within the soil medium, the following explanations can be 
offered for the failure of total graVimetric or volumetric moisture to 
account for the observed radar backscatter from diverse soil textures: 
1. Neither measure accounts for particle surface effects on 
adsorbed fi 1ms of soil water ~/hich vary between soil 
textures and mineralogical compositions as a function of 
specific surface. 
2. Solute effects on the behavior of adsorbed and solvate water 
are disregarded by measures of gravimetric and volumetric 
water content. 
3. Variance between soils in the amount of water held at 
low tensions, which should be dielectrically equivalent 
to bulk water, are ignored by gravimetric moisture but 
, 
are considered by volumetric moisture because of the 
relationship between bulk density and porosity. Thus, 
volumetric moisture adequately explains the structural 
differences between various soils which control soil water 
retention at low tensions. 
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Although s01ute concentration is known to affect the behavior of 
5011 water even at high moisture values, up to Mv ~ 0.5 for pure 
montmorillonite, it may be adequate in geographic regions of nearly 
constant soil salinity to use algorithms that predict the volumetric 
moisture in excess of a transition moisture. The moisture in excess 
of the transition moisture model as proposed by Hang and Schmugge 
(1978) is supported by the data from the 1977 Bare Soil Expariment. 
The transition moisture model was found to produce correlation coefficients 
from 0.7 to 0.8 for frequencies between 2.4 and 7.6 GHz at 100 and 200 
incidence angles. 
The evidence to date suggests that the empirically derived transition 
moistures correspond to a water layer 4 to 9 molecules thick and soil 
matric potentials between 15 and 31 bars. Thus far, there is insufficient 
evidence from either soil physics or microwave studies of soil water to 
establish \'1hether the transition moisture is defined by a sharp boundary 
differentiating two distinct phases of water each possessing unique 
structures and electromagnetic behavior or is defined at an arbitrary 
value within a transition zone. Studies of water density (Figure 5.1) 
suggest a sharp transition while electric double layer theory and studies 
of fluid mobility adjacent to soil particle surfaces (Kemper, 1960; 
Kemper, et al., 1964; McBride, 1977) suggest a transition region. 
If further research demonstrates the transition moisture to be 
defined by the soil ~/dter retention at a unique tension such as 15 bars, 
then algorithms based upon this model will produce highly interpretable 
information to the soil moisture user community. 
Normalized moisture was found to be highly correlated to radar 
backscatt8r independent of soil texture. Using data from the 1977 
Bare Soil Experiment, linear correlation coefficients exceeded 0,8 when 
soil moisture was indexed to water retention at soil tensions between 
0,3 and 2.0 bars. While empirically determined algorithms using 
normalized moisture offer strong correlations, they may be heuristic 
in that the indexing procedure is not supported by a theoretical 
foundation. The estimating power of normalized moisture algorithms seems 
to reside in an inherent value of linking the quantity of soil water to 
soil tension T, Normalized moisture algorithms should be treated as 
j 
1 
1 
\ 
1 
approximations of a more exact solution where for a given sensor 
configuration and surface roughness: 
aO = jf(Mv' T) (5.1) 
In spite of the observed predicting power of normalized moisture 
algorithms, they suffer ft'om poor interpl'etability by the potential 
user comll1unity of soil moisture infot"mation. It will be difficult to 
define the physical ptoperties of normalized moisture indices. FD)' 
example, when moisture i5 normalized at a tension of 1/3 bar, the 
resultant index is only a crude approximation of the following: 
0% :';; dryness 
50% B the wilting point 
100% ~ field capacity 
150% ~ saturation 
On the other hand, soil tension has long been used as the preferred 
descriptor of the soi1~\~ater system; its use has been inhibited by the 
difficulty of measul'ing soil tension undet field conditions ovm' a large 
range of values. Direct reading devices such as tensiometers are only 
accurate for wet conditions ranging from saturation to matric potentials 
of ::::0,85 bars, while non-direct devices such as soil resistivity blocks 
operate ~ffective1y only at higher tensions and must be calibrated for 
each specific soil sampled. Analysis of the 1977 Bare Soil Experiment 
shows a strong log-linear dependence of radar backscatter on estimated 
soil tension which is independent of soil texture. 
As a descriptor of remotely sensed soil moisture~ soil tension 
seems to account for observed variance associated with the affinity of 
water for soil particle surfaces below the postulated transition moisture 
and account for variance due to soil structural control of porosity and 
the volumetric moisture content in excess of the transition moisture. 
The use of soil tension may also account for solute effects on the 
dielectric behavior of soil water; however, this has not been e~perimentally 
verified since only soil matl"ic potential \oJas measured during the 1977 
Bare Soil Experiment and not the total water potential (which would include 
the osmotic potential). 
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Furthermore, if the dielectric properties of moist soils can be 
treated solely as a function of soil tension, it can be argued that 
hysteresis in the moisture-tension characteristic will produce variance 
in t~adar backscatter which cannot be explained by either graVimetric or 
. 
volumetric moisture even for a specific soil texture. Since the estimated 
rnatric potentials used in the analysis of the 1977 Bare Soil Experiment 
are based solely upon laboratory desorption and not on in situ field 
measurements of tension (which would reflect hysteretic dependence, 
as seen in Figure 5.4), it is possible that hysteretic effects could 
explain much of the remaining scatter observed by radar in Figure 4.24. 
Until field measurements of tension are made in conjunction with micro-
wave sensor observation of 5011 5, the impact of hysh~resis on sensor 
response cannot be fairly evaluated. 
However, if there is a hysteretic effect, then it should display 
itself most prominently in soils \'1ith high clay content. It is well 
documented that sandy soils exhibi t very small hysteres is compared to 
clayey Salls. In addition, soils that have a high percentage of expanding 
clay such as montmorillonite are particularly susceptible to hysteretic 
effects since episodes of soil shrinking and swelling act to modify the 
pore size distribution as a function of time. 
The above is supported by radar backscatter measurements from the 
1977 Bare Soil Experiment. Gravimetric soil moisture in field 1, a 
sandy loam, was found to be highly correl ated \"ith radar backscatter 
(in excess of 0.9) over the entire 3-month observation period; this is 
to be expected for a sandy soil with little hysteresis. Fields 2 and 3, 
silty ciay loams, and field 4, silty clay, contained a high percentage 
of montmorillonite. In Table 3.15 the linear correlation coefficiernts 
between radar backscatter and gravimetric moisture typically ranged 
between 0.7 and 0.9 for fields 3 and 4 and bet\'/een 0.4 and 0.6 for 
field 2; these comparatively lOi'ler correlations for high clay content 
soils are to be expected if there is a hysteretic dependence of the 
radar response to gravimetric moisture. The exceptionally 10\oJ correlations 
for field 2 may be explained by the repeated flooding and dessication 
of the field which exacerbated changes in clay platelet orientation 
and porosity as a function of time which are typical of poorly drained 
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montlllo)~illonitic soils. It is also significant to note that the radar 
backscatter response to field 2 was chnracterized by a pronounced time 
dependence explainable only in terms of soil surface layer structural 
changes and hysteresis. 
The fOI'cgoing discussion is relevant in that if thet'e is a hyste,'etic 
effect on the radar response to graVimetric and volumetric soil moisture, 
then moisture estimation algorithms incorporating these soil moisture 
descriptors could be expected to exhibit poor performance even if the 
soil textures of a complex ground scene were mapped in detail and their 
locations and spatial extents wera differentially treated in microwave 
sensor processing. Potential estimation error due to hysteresis is 
il'relevant for algorithms utilizing soil tension as the pertinent soil 
moisture quantifier. 
The major advantage of algorithms incorporating soil tension is 
that they exp,'ess so; 1 1110i stur\1 \~ith )'efarenee to the pI'opert; es of soi 1. 
Total water potential accounts for the effects of soil particle surfaces, 
solute effects present in saline and alkaline soils of dry regions or 
the acid soil of bogs and highly fertilized agricultural soils, the 
effects of soil structure and hysteretic effects. Agriculturalists are 
interested in the effects of soil water on plants which respond to the 
energy status of water. Numerous studies of water uptake by plants 
have utilized matric potential as the relevant texture independent 
descriptor for the production of maximum yields of agr'onomically 
important crops (Table 5.1). Besides establishing the amount of soil 
water available to plants (Figure 5.5), soil tension determines (Table 
5.2): 
1. the amount of water that can be accepted by the soil 
before percolation starts, 
2. the aeration available to plants, 
3. saturation of the soil, 
4. the water available for drainage and run off, " 
5. the vapor pressure of soil water if salinity is 
negligible (Figure 5.6), 
6. the freezing point of soil water (Figure 5.7), 
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TABLE 5.1 
Matric potentials at which water should be applied for maximum yields 
of various crops grown in deep, well-drained soil that is fertilized 
and otherwise manages for maximum production. Where two values are 
given, the higher value is used when evaporative demand is high and 
the lower value when it is low; intermediate values at'e used when 
the atmospheric demand for evapotranspiration is intermediate. 
(These values are subject to revision as additional experimental 
data become available). (From Taylor and Ashcroft, 1972). 
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Crill! 
F.IJlliI'I/lrlll 
Mlllrfr pCJIl'm/,'1 II/(/Iril' \lIc/illll 
(j<'II"'S, kg) /rC/lII/IIIT>} 
______ o;~'" 
-------" ... --~,~--------
Vegetative crpps 
Alr,llf,\ . 1 ~O I~!l S A TiI>hlr' 
Deans (snllp ami "lIlil) -75 to -200 7510200 \,itlam cllil. (1963/ 
Cllbbage "':'60 to -70 60 to 70 Villllnl ct al. (196;\/. IInli PCII 
(l9SS)h 
CUllning peas -30 to -50 30 to 50 S. A. Taylor' 
Cch:ry -20 to -30 201030 A. W. Marsh.' and tvhll~h (19611 
Grass -3010 -100 3010100 Vissar (1959) 
Le\luce -40to -60 40 to 60 A. W. Marsh" Vjs~ar (1959). and 
Pew (I 958)b 
Tobacco -30 to -SO JOIO SO J(illeS el nL (1950)' 
SlIgllr cane 
'rcllsiorneter -JS 10 -SO IS 10 SO Waterhouse ct al. (195.\1'1 
Blocks -100 to -200 10010200 Robinson (1963) 
Sweet corn -SO to -100 50 to 100 S. A. Taylor,' and Villilin ct ul 
(1963) 
TlIrfgrass -2410 -36 24 to 36 Morgan (19M) 
Root crops 
Onions 
Early growth -45 to -55 451055 Pcw 09SS')b 
Uulbing time -5510 -65 551065 Pew (195S)b 
Sugar beets -4010 -60 401060 S. A. Taylor' 
Potatoes -30to -50 301050 S. A> Taylor." Villum el OIl. {196h 
nnd Pew (195SJb 
Carrots -55 to -65 551065 Pew (19SS)b 
Broccoli 
Early -45 to -55 4S to 5S Pew (I 95S)b 
Mler budding -60 to -70 601070 Pcw (I 958)b 
Cauliflower -6010 -70 601070 PCII' 09S8)b 
Fruit crops 
Lemons -40 40 A. W. Marsh' 
Oranges -2010 -100 20 to 100 Slolz), ct al. (1963) 
Deciduous fruit -5010 -SO SO to SO A. W. Marsh,' and Vis~ar 09591 
Avocadoes -50 SO Richurds cl al. (1962) 
Grapes 
Early season -4010-50 401050 A. W Mnrsh' 
During malurity <-IDa :>100 A. W. Marsh' 
Strawberries -20 to -30 201030 A. W. Marsh: and Mar:.h /196\'1 
Cantaloupe -3510 -40 35 to 40 Marsh (l961). and Pew (19SS1h 
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MII/,Ic /111/1'111111/ 
EI/IIII'III.·nl 
/IIm,'c suc/io/l 
C,OI' (}(wlt's/kg) (cclllilmrJ) R I'fi'ft' "':1' 
~.~ ___ -=--·::;;;._ClI-1!",."""_<..""'~_4 
Tomatoes -8010 -ISO 80 to 1511 VlIlllm el nl. (l9SS).' lind Vittalll 
&:1 al. (1963) 
Oil,WllilS -30 10 ~ISO 3010 ISO Schmculi (I 953t 
Orain crops 
Corn 
Vcget.,tilll p~rrl.J -SO 50 S. t\. TJ}loc' 
During ripening -800 to ··1200 800 to I~OO S. A. 'J'a) lor' 
Small grains 
Velletalive period -4010 -50 401050 S. A. Taylor' 
Durin1\ ripenins -800 10 -1200 800 10 1:00 S. A. Taylor' 
Seed ~rops 
Alralf'l 
Prior 10 bloom -200 200 Taylor et ai, (1959) 
During bloom ~400 to -800 400 to 800 Tnylor .:t al. (l9~9) 
During ripening -800 10 -1500 800 tf) ISOO Tuylor clal. (1959) 
Carrots 
During seed ye;lr 
at 60 em dcpth -400 10 -600 400 It I 601) lIuwthorn (195 I)l 
Onions 
During secd year 
al 7 cm deplh -400 to ~600 400 to 600 Hnwthorn (1951)' 
at 15 em deplh -ISO ISO Hawlhorn (1951)' 
Lettuce 
During productive 
phase -300 300 Hawthorn et al. (1956)' 
Collce Requires short periods of 10\\ 
potential to bre:." bud dormancy, 
followed by high water potential Alvin (1960) 
'UnJ1ubhsh~d reSearch 
'See "Iso Marsh (1961) which includes n revision of I'c\\"s work 
'Il~~cd on converting 50 pcrcen~ uVI\H:lble waler 10 maleic potenti,,1 cquivalcnI USlllg figure 14,16. 
dTcnsiolllclcrs were 10CMcd a' 18 inches, which IS btlow the zone ofl1l~~illlum rOOI conccnlrll\ion, 
'U.lscd on converllng ~Il percent UVilllablc ".lIcr 10 Immic potential eqlliv~lcnt for 103m to cia)' 1031n using 
fi~urc 14,t6, 
'IIJ.cd On cOJlv,ming 67 percent ;Ivailabl~ Willer 10 muteic p<Hcnlral cqui\'alcnt for cia), soils using 
FIgure t4.16. 
'kcsiSla/lCe v"llIe~ of plasler mohcurc hlock~ "ere con\crtcd 10 m;ltric potenli;!1 from calibr31iol1 of sil1l1l.lr 
pla>lcr units. 
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7. the hydraulic conductivity of the soil, 
8. the evapotranspiration rate during periods of high 
atmospheric demand (Figure 5.8), and 
9. when a soil is in the optimum moisture range for tillage 
with agricultural implements. 
5.2 Recommendations 
In light of the results of the 1977 Bare Soil Experiment the 
following recommendations are offered for further investigations! 
1. There exists a need for experimental verification of the 
relationship bet\veen the complex dielectt'ic constant of 
moist soils and soil water potential. Such an experiment 
should strive to establish the dependence of the 
dielectric constant on soil tension, gravimetric and 
volumetric moisture for a wide variety of soil textures 
and clay minera10gies and seek a definition of the 
transition moisture in terms of a :pecific tension or 
range of tensions. The value of soil \l/ater potential 
in describing the dielectric b~havior of saline soils 
should be investigated at low microwave frequencies. 
2. Radar experiments should be conducted for a wide range 
of soil textures where soil tension is measured in the 
field contemporaneously with radar data acquisition. This 
could be accomplished using a netvlOrk of tensiometers 
to measure tension up to ~O.85 bars and resistivity or 
conductivity probes to be calibrated to soil tensions 
at drier moisture5. Such an experiment would serve to 
verify the stated conclusions of the 1977 Bare Soil 
Experiment and investigate the existence of hysteretic 
effects on the radar backscattering response to soil 
moisture. The investigation of hysteresis effects is not 
suited to the past format of limited time window airborne 
sensor experiments but should be pursued via long term 
experiments us; ng ground based mi crm'lave sensor systems. 
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Apeendix A: Physical Model to Account for Soil Shrink-Swell Characteristics 
The total pore space of the soil defines that fraction of the soil 
volume not occupied by soil particles. 
T ~ 100 x (1 - Pb/~p) (A.l) 
where: T ;; pet'cent pore space 
Pb ::: soil bul k density, g/cm3 
Pp ::: particle density 2.65 g/cm3• 
When the soil is saturated with \'Jater, the pore space is completely 
filled. Thus ~ 
(A.2) 
where: ~lsat;; the percent vol umetric soil moi sture at saturation. 
Assuming particle density equal to 2.65 g/cm3, the mean bulk density 
values measured during the 1977 Bare Soil Experiment are used to compute 
the values of Msat presented in Table A.l. Msat is the total possible 
volumetric soil moisture that soil layers can attain unless the soil is 
pennitted to swell in volume. Due to the prevalence of heavy rains before 
and during the experimental period, many of the measured soil moisture 
values were found to exceed Mgsat as given in Table A.l indicating that 
soil bulk density \'/as dependent upon moisture content. 
r~ontmorillonite is the predominant clay mineral within the test site 
and is widely known for its capacity to swell. Test plots of silty clay 
loam and silty clay all exhibited extensive cracking of the soil surface 
as dessication caused soil shrinkage. Although the bulk density of these 
soils Was measured in the field over a relatively narrow range of mois-
tures near field capacity, density \'/as found to be 1 inearly dependent 
upon gravimetric soil moisture with a correlation of up to -0.74. 
Because of the dependence of dens ity on mo; sture wi til; n fi e'l ds of 
silty clay loam and silty clay, the calculation of volumetric soil mois-
ture values from the mean measured soil bulk density was judged to be 
unacceptable. In spite of measured linear correlations of -0.6 to -0.7, 
the limited range and sample size of the measurements yielded a low 
significance to empirical moisture-density algorithms. In order to 
estimate volumetric soil moisture as a function of soil density, field 
and laboratory measurements of density \.,rere inserted into a siPlple 
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TABLE A •. l 
Total Porosity and Gravimetric Moisture at Soil Saturation as Computed From Mean 
Bulk Density and Assuming Particle Density Equals 2.65 g/cm3• 
T = 100(1-Ph/p p) 
Mgsat = T/Pb 
FIELD 
Depth 1 2 3 4 
(em) Ph T Mgsat Ph T Mgsat Ph 
I T ; t4gsat Ph T l'%Jsat 
0-1 
J 
1 ~434 45.9 32.0 1.225 53.8 43.9 1.205 54.5 1 45.2 1.305 50.7 38.9 
; 
1-2 1.402 47.1 . 33.6 1.212 54.3 44.8 1.268 52.1 141.1 1.372 48.2 35.1 
2-5 1.187 55.2 46.5 0.863 67.4 78.1 1.009 61.9 61.4 1.066 59.8 56.1 
5-9 1.377 48.0 34.9 1.273 52.0 40.8 1.339 49.51 36•9 1.353 48.9 36.2 
9-15 1.592 39.9 25.1 1.464 44.7 30.6 1.437 45.81 31 .8 1.410 46.8 33.2 
-----~ ... ~--.----~. ..... 
physical model pr.oposed by Fox (1964). Also of interest are the data 
and models presented .in Berndt and Coughlan (1977), Jamison and Thompson 
(1967), Lawrence (1977) and Parker, Amos and Kaster (1977). 
The model treats soil volume change as a three dimensional process 
at moistures below field capacity to account for the presence of crack 
systems and as a uni-dimensional process at moistures above field 
capacity where soil cracks are closed and further expansion can only 
occur in the vertical dimension. The following assumptions are made: 
1) Volume change is normal 11'lld three dimensional from oven 
dryness until all of the vertical interstices of the soil 
are just filled with water and no further horizontal ex-
panSion is possible. The swelling is similar to that 
observed by Berndt and Coughlan (1977) for semi and un~ 
confined soil cores. 
2) Soil volume changes uni-dimensionally in the vertical 
dimension at soil moistures greater than those required 
to reduce the percent volume of entrapped air to 3%. 
This swelling is similar to that observed by Berndt and 
Coughlan (1977) for confined soil cores. 
3) The model is tied to values of soil moisture, bulk density 
and air capacity detenmined for undisturbed core samples 
from each field at a soil tension of 1/3 bar. 
4) The volume of entrapped air cannot be reduced below 3%. 
The three-dimensional model is given by: 
PbX' = ps/(p$./A + Mxps + El)1/3 (A.3) 
and the uni-dimensiona1 model by: 
Pbx = ps/(ps/A + Mxps + E2) (A.4 ) 
which reduces to: 
Pbx = l/(l/A + Mx + E2/ps ) (A.5) 
where: A = absolute density of soil = 2.65 9/cm3 
Pbx = bulk density of soil at moisture Mx' g/cm
3 
Ps = bulk density at which all vertical interstices 
in the soil are assumed filled with water. This 
is assumed to occur at 1/3 bar tension. 
\ 
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Mx • gravimetric moisture, g/g 
El = air capacity at 1/3 bar tension, cm3/cm3 
EZ = air capacity at saturation I: 0.03 cm
3/cm3 
Figures A.l to A.S show bull~ density as a function of gravimetric 
soil moisture for fields 2 to 4 respectively as computed from equations 
(A.3 and A.4). The three-dimensional rnodel predicts density will 
decrease gradually with inct'easing moisture. When air capacity de-
creases to 3% all vertical interstices of the soil are assumed to have 
been filled with water and further swelling must occur uni-dimensionally. 
The figures show the uni-dimensional volume change to be qu~te dramatic 
because each additional g)'am of water swells the soil by 1 cm3• Figure 
A.4 compares the volumetric moistures predicted by the model with those 
calculated for each field using a moisture constant mean bulk density. 
At low gravimetric moistures, My from the model tends to be slightly 
greater than that computed from mean bulk density. At moistures 
approaching and in excess of saturati on, the model, predi cts My much 
lower than that computed from maan bulk density. 
Figures A.S to A.S show the volume percent of air, water and soil 
as a function of gravimetric moisture for fields 1 to 4 respectively. 
Field 1, a sandy loam, is assumed to have a constant bulk density as a 
function of moisture, this is firmly supported by the field bulk density 
measurements and the fact that this soil exhibited no surface cracking 
when the surface layer Was dry. Fields 2 to 4 are each plotted using 
values derived from the physical soil shrink-swell model. 
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Figure A.1. Bulk density as a function of gravimetric soil moisture 
for Field 2, silty clay loam, as predicted by the 
phys; ca 1 modeL 
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Figure A.2. Bulk density as a function of gravimetric soil moisture 
for Field 3, silty clay loam, as predicted by the 
physical model. 
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Figurt:A.3. Bulk density as a function of gravimetric soil moisture 
for Field 4, silty clay, as predicted by the physical 
model. 
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Figure A.4. 0-5 cm volumetric soil moisture as a function of 
gravimetric soil moisture, comparison of results from 
the physical model to account for shrink/s\'1ell effects 
and results using a constant mean bulk density. (a) 
Field 2, (b) Field 3 and (c) Field 4. 
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Figure A.5. Volume percent of air, water and scil as a function of 
g)~avill1et)'ic soil moisture fOl' the 0-5 and 5-9 em layers 
of Fi e 1 d 1, sandy loam. Values a I'e computed with the 
assumption that mean measured bulk density is constant 
as a function of moisture content. 
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Figura A.G. Volume percent of air, wat~r and soil as a function of 
gl'aviIlK~tt'i c soi 1 I1mi s tUl"e for the 0-5 and 5-9 em 1 uyers 
of Field 2, silty cluy loam. Values ut'C computed fl'OI11 
the phySical vollll1l~ change model to account for soil 
sllt"i nk and s\'lell as a funct'j on of 1110; stlll'C content. 
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Fi gure A. 7 . Volume percent of air, water and soi 1 as a functi on of 
qravimetric soil moistUt~e for the 0-5 and 5-9 CIII layers 
of Fie1d 3, silty clay loam. Values are computed from 
the physical vall/me change model to account for soil 
shrink and swell as a function of moisture content . 
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Figure A.B. Volume percent of air, water and soil as a function of 
gravimetric soil moisture for the 0-5 and 5-9 cm layers 
of Field 4, silty clay. Values are computed from the 
physical volume change model to account for 50il shrink 
and swell as a function of moisture content. 
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